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Abstract 
Tunable multiscale infrared plasmonics with metal oxide nanocrystals 
 
Ankit Agrawal, Ph.D. 
The University of Texas at Austin, 2017 
 
Supervisor:  Delia Milliron 
 
Degenerately doped semiconductor nanocrystals (NC) exhibit a localized surface 
plasmon resonance (LSPR) that falls in the near- to mid-IR range of the electromagnetic 
spectrum. Unlike metal, the metal oxide LSPR characteristics can be further tuned by 
doping, and structural control, or by in situ electrochemical or photochemical charging. 
Here, we illustrate how intrinsic NC attributes like its crystal structure, shape and size, 
along with band structure and surface properties affects the LSPR properties and its 
possible applications. First, the interplay of NC shape and the intrinsic crystal structure 
on the LSPR was studied using model systems of In:CdO and Cs:WO3, the latter of 
which has an intrinsic anisotropic crystal structure. For both systems, a change of shape 
from spherical to faceted NCs led to as anticipated higher near field enhancements 
around the particle. However, with Cs:WO3, presence of an anisotropic hexagonal crystal 
structure, leads to additional strong LSPR band-splitting into two distinct peaks with 
comparable intensities. Second, plasmon-molecular vibration coupling, as a proof of 
concept for sensing applications, was shown using newly developed F and Sn codoped 
In2O3 NCs to couple to the C-H vibration of surface-bound oleate ligands. A combined 
theoretical and experimental approach was employed to describe the observed plasmon-
plasmon coupling, the influence of coupling strength and relative detuning between the 
 vii 
 
molecular vibration and LSPR on the enhancement factor, and the observed Fano 
lineshape by deconvoluting the combined response of the LSPR and molecular vibration 
in transmission, absorption, and reflection. Third, plasmon modulation through dynamic 
carrier density tuning was investigated using thin films of monodisperse ITO NCs with 
various doping level and sizes along with an in situ electrochemical setup. From the 
combination of the in-situ spectroelectrochemical analysis and optical modeling, it was 
found that often-neglected semiconductor properties, such as band structure modification 
upon doping and surface chemistry, strongly affect the LSPR modulation behavior. The 
influence of band structure and effects like Fermi level pinning by surface defect states 
were shown to cause a surface depletion layer that alters the LSPR properties, namely the 
extent of LSPR modulation, near field enhancement, and sensitivity of the LSPR to the 
surrounding.  
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Chapter 1 
Control of Localized Surface Plasmon Resonances in Metal Oxide 
Nanocrystals 
This chapter is adapted from the work “Ankit Agrawal, Robert W. Johns, Delia J. 
Milliron. Control of Localized Surface Plasmon Resonances in Metal Oxide 
Nanocrystals.  Annu. Rev. Mater. Res., 2017, 47:1-31.”. My contribution to this work 
included the discussions on physics of metal oxide LSPR and its application for both 
dynamic and static application. 
1.1 Introduction 
A plasmonic response occurs when electromagnetic radiation induces delocalized 
charge carriers to collectively resonate within a material 1. In bulk metals, surface 
plasmon resonances (SPR) propagate along a metal-dielecitric interface carrying energy 
via displacement of charge carriers in the metal. Upon nano-structuring, this resonance is 
confined to sub-wavelength dimensions, resulting in a non-propagating plasmonic 
resonance within the volume of the nano-object. These localized surface plasmon 
resonances (LSPR) amplify the electromagnetic field both within the structure and 
around it in the form of a strong near field created by the polarization of charge carriers. 
These resonances have a large extinction cross-section and can be used to concentrate 
electric fields to nanoscopic length scales well below the diffraction limit. This 
concentration of light can direct its energy into heat 2–4, electronic state transitions 5,6, and 
molecular vibrations 7,8. Energy transfer is enabled by a resonant interaction between the 
acceptor and the LSPR. The features of a LSPR depend upon the dispersive property of 
the material, and its interaction with the surroundings. Dispersion of a material is a 
 2 
frequency dependent property, and for a free electron gas this is expressed using the 
Drude-Lorentz model (Equation 1.1).   
 
                                                          1.1 
The function 𝜖𝜖𝑝𝑝 is a material’s complex dielectric function, 𝜖𝜖∞ is the high 
frequency dielectric constant, 𝛾𝛾 is the damping constant, and 𝜔𝜔𝑝𝑝 is the plasma frequency 
which is a function of carrier concentration (N) and effective mass (me) as illustrated in 
Equation 1.2. 
   
                                                                                    1.2 
The peak position of a LSPR is largely impacted by the plasma frequency, 𝜔𝜔𝑝𝑝 of 
the electron gas. Traditionally, in metals (Ag or Au) 9–11, due to high carrier 
concentrations, LSPR for small nanocrystals (substantially sub-wavelength) are at 
energies in the visible spectrum (Figure 1.1). Further, LSPR energy tuning is achieved by 
changing the size and morphology of the nanostructures 9,10,12–14, but this can be at the 
expense of other advantageous properties associated with smaller sizes, such as high 
packing density, bio-delivery, or facile processing. 
Conductive metal oxide (CMO) materials are degenerately doped semiconductors 
with metal-like optical properties, a class of materials that offer an alternative to 
traditional metals 15–17. They exhibit similar and, in some ways, enhanced plasmonic 
responses in which the LSPR frequency is controlled through chemical composition as 
well as shape and size of the nanocrystal. This enables physical dimensions to be 
optimized for the requirements of the target application. Though the behavior of 
conduction band electrons in metals and CMOs manifest in similar properties such as 
 3 
high electronic and thermal conductivity and strong polarizability, their origins are quite 
different. Metals, which are metallically bonded and inherently conducting, have carrier 
densities on the order of 1023 cm-3 with the Fermi level well within the conduction band 
18. In contrast, metal oxides are semiconductors and need to be doped via charged 
impurities or crystal defects to move the Fermi level out of the bandgap and generate free 
carriers. Though semiconductors can be doped either p- 15 or n-type to make them 
metallic, most CMOs derive their conductivity from free electrons and those treated 
within the scope of this review are all n-type. Doping as a means of introducing electrons 
into the conduction band can yield electron concentrations across several orders of 
magnitude that can induce LSPR (1018-1022 cm-3) 15,17,19,20. As these values are much 
lower than those of metals, CMOs have lower plasma frequencies and consequently 
lower energy LSPR. In nanostructures, CMOs sustain LSPR all across the near- and mid- 
infrared depending on elemental composition and dopant concentration; each material 
spanning a range of achievable LSPR energies 16,17,19–26 (Figure 1.1b).  
Though doping is a useful tool for controlling carrier concentration in CMOs, it 
can lead to changes in the mobility of free electrons. High electron scattering off ionized 
impurity sites in metal oxide such as Sn:In2O3 25,27–30 and Al:ZnO 24,31,32 broaden their 
LSPRs and hampers the opportunity for strong near field enhancement (NFE) in the IR 
spectrum. The band structure of the material strongly influences electronic properties. 
Impurities and defects cause changes in the band structure through the introduction of 
additional electronic states that differ from the pure material or even induce changes in 
the crystal structure 33–35. Recently, some researchers have focused on developing metal 
oxide compositions such as Ce:In2O3 16 and F, In codoped CdO 36 (Figure 1.1b) that have 
high electronic mobility developed by defect engineering, co-doping or controlling 
dopant distribution inside the nanocrystal. The crystal structures of metal oxides can also 
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vary from symmetric cubic structures like metals, resulting in the degeneracy of the 
LSPR, to anisotropic crystal structures that break the degeneracy as a result of unequal 
effective mass and electron mobilities in different crystallographic orientations 26. The 
ways in which defect engineering can be applied to impact the plasmonic properties of 
metal oxides will be discussed in detail within this review. 
As the size and shape of CMO nanocrystals (NCs) can be tuned independently of 
their optical response, they can easily be optimized to meet application requirements 
across the electromagnetic spectrum 19,37 (Figure 1.1). Metal oxides exhibiting IR LSPR 
as nanoscale colloids makes them uniquely suited for wide variety of applications. CMO 
nanomaterials such as tungsten oxide-based compositions 23,26,38, whose LSPR overlaps 
well with the therapeutic window 39, (Figure 1.1a) have already been applied to 
photothermal therapy 3,4,40–42. Sn:In2O3, one of the most widely studied CMOs, has a 
widely tunable LSPR that has been used for enhancement of infrared vibrational 
spectroscopy 8 and waste heat management 43 in the mid-IR, as well as plasmon enhanced 
two photon upconversion in the near-infrared (NIR) 44, and other applications 28,45–47. Not 
only have static applications been developed in CMOs, but electrochemical 28,48–50, 
photochemical 22,47,51 and redox modulation 46 of the LSPR are all easily achievable, 
making these materials a highly dynamic alternative to metals for applications of IR and 
visible plasmonics such as sensors 46, smart windows 25,28,52 and telecommunications 
45,53,54.  
 
 5 
 
Figure 1.1 Optical Property of Metal Oxide nanocrystals and its potential 
applications.  a) Spectral regions of interest for different plasmon-based 
applications. The solar spectrum (250-2500 nm AM1.5, red) is relevant for 
smart windows, and harnessing solar energy. The human tissue attenuation 
curve39 (brown) shows greater transmission in the therapeutic window (light 
brown region) relevant for photothermal therapy and bio-imaging. The SiO2 
waveguide attenuation curve 55 reveals narrow regions around 1350 nm and 
1500 nm most suitable for telecommunications due to low loss in these 
regions. Blackbody body radiation spectra at 300 K and 800 K show that 
doped metal oxide plasmonic materials are suitable for waste heat 
management applications in the mid-IR. The fingerprint region (less than 
1770 cm-1) and C-H vibration region (2800-3300 cm-1) are noteworthy 
spectral windows for mid-IR plasmon-based applications such as surface 
enhanced infrared absorption (SEIRA).b) LSPR extinction spectra color 
map (Gradients express LSPR spectra with the maximum darkness 
corresponding to peak positon) of doped metal oxide and metal NCs 
spanning from visible to mid IR.  All nanocrystals are spherical in shape 
other than hexagonal platelets of CsxWO3 and gold nanorods.  Metal oxides 
such as ZnO 21,22 (red), In2O3 25 (violet), CdO 19(green), MoO2 4 (pink), and 
WO3 23,26,56(blue) have intrinsic oxygen vacancies leading to LSPR, which 
can be tuned and blue shifted via chemical doping, photodoping or through 
shape or crystal phase control during colloidal synthesis. Metals such as 
gold 9,13(yellow) and silver (grey) exhibit LSPR in the visible spectrum.  
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1.2 Metallic optical properties of doped metal oxides 
1.2.1 Tunable plasma frequencies in degenerately doped metal oxides 
As advances in the deposition and characterization of metal oxide thin films 57 led 
to experimentation with n-type doping, degenerately doped metal oxide films emerged as 
transparent conductors. As materials research entered the nanoscale new optical effects 
arising from the free carriers in metal oxide NCs were observed. For example, UV 
illumination in anaerobic conditions was found to induce Moss-Burnstien shifts 
consistent with stabilization of free electrons in the conduction band of ZnO NCs 58. 
Upon hydrothermal synthesis of colloidal Sb:SnO2 NCs, a common degenerately doped 
metal oxide thin film material, Nütz et al.59 saw that the colloid exhibited a blue color and 
films of the NCs were observed to have a strong infrared absorption which shifted to 
lower energies in samples with lower concentrations of antimony dopants. This 
demonstrated that through control of antimony dopant concentration, the plasma 
frequency can be controlled in CMO NCs and consequently the LSPR energy. 
Synthetic advances in CMO NCs since these early hydrothermal syntheses of 
irregularly shaped NCs has led to increased diversity and specificity of control. Advances 
in microwave syntheses led to both NCs of Sn:In2O3 (ITO) and doped Al:ZnO NCs, 
which represent the most popular transparent conducting oxide materials 29,60. Not long 
after, further synthetic developments utilizing Schlenk techniques to perform aminolysis 
and esterolysis of metal carboxylate complexes led to better uniformity in NC geometries 
and sizes 24,30,31,61,62. As sample quality improved it became possible to differentiate 
optical modeling of the infrared response of these materials as a LSPR while in colloidal 
dispersions16,28 rather than treating the optical properties of annealed films of the NCs 
with a plasmon-polariton model 34. Additionally, synthetic advances led to identification 
of LSPR in myriad CMO NCs such as those based on tungsten oxide 23,26,38, molybdenum 
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oxide (4), doped CdO 19,36,63,64, doped ZnO 24,32,60,65–68 doped TiO2 50,69, and vanadium 
oxide 70. These materials, as illustrated in Figure 1.1b, exhibit LSPR resonance energies 
from the visible through the near infrared (NIR) to the mid-IR, which can be controlled 
through material selection and dopant concentration (Figure 1.1b). The intrinsic dielectric 
background and electronic band structure of each material as well as the range of dopant 
concentrations that the material can sustain without changing phase determines the 
magnitude and range of LSPR energies attainable within a material as illustrated by the 
different ranges achieved by WOx , MoOx , ZnO, CdO and In2O3 in Figure 1.1b.  
1.2.2 Dielectric functions and corresponding LSPR 
Conduction band electrons behave as a free electron gas, which typically calls for 
the Drude-Lorentz model 16,17,20,34,71,72 to be employed to extract the dielectric function. 
This model is simplistic in that it treats electrons as unbound and moving in straight lines, 
only being scattered by a periodic array on positive ion sites. Despite this simplicity, it is 
widely applicable with reasonable precision in predicting and modeling the behavior of 
both metal 18,73 and metal oxide LSPR. The Drude-Lorentz dielectric function 1 (Equation 
1.2) is a complex function. 
                                                              1.3 
The real part of dielectric function, 𝜖𝜖1(𝜔𝜔) determines the polarizability of the 
material, and loss due to the inertia of the free carriers is expressed in the imaginary part, 
𝜖𝜖2(𝜔𝜔).  
                                                                      1.4-1.5 
 
While increasing the carrier concentration causes the imaginary part of the 
dielectric function to directly increase, and thus leads to optical loss, the damping 
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constant is also important for understating energy loss from an excited LSPR. There are 
several scattering mechanisms that impact free carriers in plasmonic systems such as 
electron-electron scattering (𝛾𝛾𝑒𝑒−𝑒𝑒), electron-phonon scattering (𝛾𝛾𝑒𝑒−𝑝𝑝ℎ), interband 
transition scattering (𝛾𝛾𝑖𝑖𝑖𝑖), surface scattering (𝛾𝛾𝑠𝑠), and electron-impurity scattering (𝛾𝛾𝑒𝑒−𝑖𝑖) 
as well as material and morphologically specific scattering mechanisms. These scattering 
mechanisms are additive via Matthiessen’s rule 20 leading to the overall scattering 
function of the material [ Equation 1. 6 ]. 
 
                                                   1.6 
Often, loss due to scattering is undesirable as it leads to low efficiency of light 
propagation in photonic systems, shorter lived local electric fields, and broader LSPR 
peaks, which decreases interactions with other oscillators and lessens the sensitivity of 
plasmonic sensors. Some loss processes are intrinsic, such as the case of the d-d transition 
interband gap scattering characteristic of gold 18,73. On the other hand, silver does not 
have significant interband scattering due to there being little overlap between such 
transitions and the LSPR frequency. Metal oxides typically have a wide bandgap and low 
energy LSPR and so they exhibit very little interband scattering. Electron- phonon 
scattering is strongly temperature dependent and plays an important role only at high 
temperatures 20. Electron-electron scattering is a minor contributor due to minimal 
interaction between electrons. Conversely, in metal oxides, dopants and crystal defects 
can lead to significant defect scattering, which can be an important source of damping 74. 
The optical properties of commonly studied metal oxide systems such as In2O3 , ZnO, and 
CdO depend upon the choice of dopant type, carrier concentration, and scattering values 
leading to distinct dispersive properties. These material properties result in changes of 
important optical parameters such as the crossover frequency where the real part of 
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dielectric constant becomes negative (Figure 1.2a-top), LSPR frequency, absorption 
coefficient (Figure 1.2a, b-bottom), and refractive index (Figure 1.2b-top) of the material. 
For example, even though Al:ZnO and Ce:In2O3 have similar carrier concentration, due to 
their vastly different damping constants, we observe huge differences in their absorption 
coefficient and imaginary dielectric values. 
 
 
Figure 1.2    Dielectric functions of metal oxides a) Real (top) and imaginary (bottom) 
part of complex dielectric function for different metal oxide systems. b) 
Corresponding complex refractive index (top) and absorption coefficient 
(bottom) derived from complex dielectric functions shown in part a. The 
real part of the dielectric function shows that depending upon the metal 
oxide we have different crossover frequency from positive to negative 
values (dashed line). Both a and b show strong dependence upon material 
properties like electron scattering and carrier concentration. Metal oxide 
system discussed here are Ce:In2O3 16 (violet), Al:ZnO 75 (yellow), 
Ga:ZnO 76 (green), In:CdO 34 (blue), and Sn:In2O3 77 (red) c) 𝝎𝝎𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 
(solid lines) and FWHMLSPR (dashed lines) vs doping for both In:CdO and 
Sn:In2O3. As dopant concentration increases there is a blue-shifts the LSPR 
frequency. FWHM shows strong host dependence due to different electron 
scattering mechanism in these materials. 
Using the Drude-Lorentz dielectric function, LSPR spectra of spherical 
nanocrystals can be modeled through the application of Mie theory. While the LSPR of 
small NCs will primarily lead to absorption of light, above a diameter threshold of 
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approximately d=λLSPR/20 LSPR will begin to scatter light with increasing efficiency at 
larger sizes. This distinction is important in understanding optical properties of CMO 
NCs as the resonance is often at wavelengths longer than 1 µm, typically between 1.5-10 
µm, which means NCs must be larger than 75 nm to begin to show size effects or 
significant scattering, unlike metals, which hit this threshold around 20 nm. The full 
response for the LSPR absorption and scattering (Equation 1.7-8) accounts for the 
dielectric constant of the medium as well as the dielectric function of the material since 
these polarizabilities both contribute to how light interacts with the material. For 
example, spherical NCs (with d<λLSPR/20), will exhibit maximum LSPR absorption and 
scattering where the dielectric function and the dielectric constant of the surroundings 
(𝜖𝜖𝐻𝐻) follow the relationship of the 𝜖𝜖𝑝𝑝 = −2𝜖𝜖𝐻𝐻 according to Mie theory (Equation 1.7-8). 
For non-spherical nanocrystals, LSPR can be theoretically simulated by computationally 
solving the Maxwell equations over a bounded nanocrystal-surrounding control volume. 
This causes LSPR to be highly sensitive to small changes in the dielectric environment, 
as well as interactions with other nearby polarizable components like vibrational, 
electronic or plasmonic resonances.  
 
                                                           1.7
 
                                                              1.8 
 
Here, k represents the wavevector, R the NC radius, and 𝜖𝜖𝐻𝐻 is the dielectric 
constant of the NCs surroundings.  
Measurement of the full dielectric response of plasmonic materials, which is 
correlated directly to the complex refractive index (𝑛𝑛 + 𝑖𝑖𝑖𝑖 = �𝜖𝜖1 + 𝑖𝑖𝜖𝜖2), requires 
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probing both the real and imaginary portion of the dielectric function. Normally, this is 
achieved through ellipsometry in thin films or films of NCs 34 (Figure 1.2a-b). Extracting 
the electronic properties of these films is important for many device applications; these 
properties can be measured directly using impedance spectroscopy 78, resistivity 
measurements 63 and compared with those deduced by analyzing optical spectral. For 
example, the LSPR linewidth (FWHMLSPR)   scales with damping (Figure 1.2c –dashed 
lines) and thus can be used to measure carrier mobility. This analysis is especially useful 
for NCs since measuring inherent electronic properties directly is not possible, while 
LSPR spectra of single NCs can be collected using scanning near-field optical 
microscopy (s-SNOM) to deduce their complex dielectric function 79,80. Material 
properties derived from the optical response such as LSPR frequency (𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿) and 
FWHM of Sn:In2O3 and In:CdO nanocrystal (Figure 1.2c) indicate differing degrees of 
dopant activation and carrier scattering.  These values greatly depend upon defect type 
and concentration, the host material background dielectric constant, as well as 
hybridization of dopant atomic orbitals with the host band structure.  
1.3 Influence of Defects on LSPR  
1.3.1 Carrier donating defects in metal oxides 
Using defects to generate free carriers in metal oxides demands consideration of 
how different defect equilibria influence one another. For example, substitutional doping 
of Sn in Sn:In2O3 donates charge carriers, but also impacts the thermodynamic driving 
force for creating other defects such as oxygen vacancies, another electron donor. 
Additionally, all types of defects will introduce some degree of strain into the lattice of 
the material, which can make it synthetically challenging to incorporate dopants into 
NCs. Several types of defects occur in CMOs, each with their own impact on the 
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dielectric function of the material (and consequently the LSPR). In particular, the defects 
that donate free carriers and those that significantly impact the mobility of free carriers 
within the material are of interest when considering plasmonic properties. Intrinsic 
doping by vacancies, mainly oxygen vacancies and cation vacancies 16,23,38,81, extrinsic 
aliovalent substitutional doping to introduce free carriers 16,19,24,30–32,36,63,67,77, and 
extrinsic interstitial doping compensated by free carriers 20,23 have all been discussed in 
the literature (Figure 1.3a).  
Metal oxides 57 can have equilibrium oxygen vacancies, the concentration of 
which is governed by the thermodynamics of defect formation energy, with the entropic 
driving force for forming vacancy defects balanced by the enthalpic cost of each vacancy. 
Equilibrium oxygen vacancy concentration can be controlled by adjusting oxygen partial 
pressure while at sufficiently high temperature to enable diffusion 82, then vacancies can 
be kinetically trapped by cooling. Since oxygen vacancies are each compensated by two 
free electrons in order to maintain charge neutrality, these defects can generate carrier 
densities on the order of 1019 cm-3, rendering even undoped metal oxide NCs plasmonic. 
Though these LSPRs will be lost when NCs are annealed in oxygen rich environments 
41,48,82, often times as-synthesized NCs will present a plasmonic absorption peak at 
energies as high as 2500 cm-1 (0.3 eV) without the addition of any extrinsic dopants.  
Aliovalent doping is a deliberate synthetic approach for tuning the electronic 
properties of a semiconductor. Here, a lattice atom is substituted for a higher or lower 
valence atom to raise or lower the Fermi level. Depending on the energetic overlap of the 
dopant orbitals with the bands of the metal oxide, free carriers can result, i.e. the dopants 
are activated, or they can be compensated by other defects such as cation vacancies or 
interstitial oxygen. NCs are typically doped such that 0.5-15% of the lattice sites are 
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substituted, which is more than enough to reach degeneracy yielding metallic behavior in 
the case of shallow charge donors.  
Agoston et al. 83 and Hwang et al. 84, studied Sn:In2O3 defect chemistry to 
elucidate the interplay between Sn doping and other defect compensation  (Figure 1.3b). 
They showed that carrier concentration depends upon the relative contribution of 
substitutional Sn4+ atoms, oxygen vacancies and oxygen interstitial atoms which 
compensate for Sn by forming (2𝑆𝑆𝑛𝑛𝐼𝐼𝐼𝐼∙ − 𝑂𝑂𝑖𝑖") defect complexes. This leads to intrinsic, 
extrinsic and compensation regimes of defect chemistry depending upon the dopant 
concentration which can lead to saturation effects in which Sn no longer donates free 
electrons at high dopant concentration. These regimes are apparent in observing the 
LSPR energy as a function of Sn concentration. Undoped In2O3 NCs exhibit a low energy 
LSPR that blue shifts with the addition of Sn, but eventually even adding more Sn cannot 
blue the shift the LSPR further or even leads to a red shift (Figure 1.3d). Similar behavior 
has been reported by Sachet et al. 85 for Dy:CdO thin films. They proposed the following 
defect reaction mechanism to understand these changes.  
 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑥𝑥 + 𝑂𝑂𝑜𝑜𝑥𝑥  ⟺ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑥𝑥 + 𝑉𝑉𝑂𝑂∙∙ + 2𝑛𝑛 + 12𝑂𝑂2(𝑔𝑔)             1.9 
𝐷𝐷𝐷𝐷2𝑂𝑂3
𝐶𝐶𝐶𝐶𝑂𝑂
�⎯� 2𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶∙ + 𝑂𝑂𝑜𝑜𝑥𝑥 + 2𝑛𝑛 + 12𝑂𝑂2(𝑔𝑔)              1.10 
 
They argued that intrinsic cadmium oxide is an n-type semiconductor; in which 
electrons originate from doubly ionized O vacancies (Equation 1.9). By changing oxygen 
partial pressure one can modulate O vacancy concentration. Further doping with 
aliovalent cations, here Dy, will act as an extrinsic donor (Equation 1.10). By Le 
Chatelier’s principle, increasing the Dy concentration will drive the oxygen vacancy 
equilibrium backwards. At high concentrations of Dy, clustering of dopants is favored in 
 14 
CdO. These parameters have important impacts on the dielectric function as the DyCd∙  and 
𝑉𝑉𝑂𝑂
∙∙ concentrations will shift the plasma frequency of the CMO, but certain defect types 
can also change the damping constant of the material. The charge of the donor sites (Z) 
dictates the ionized impurity scattering. The impurity or defect scattering potential scales 
with Z2. As a result of this, dianion oxygen vacancy sites contributing two electrons will 
scatter more than two singly ionized aliovalent sites. Depending upon the relative defect 
equilibria, tunable carrier concentration and low scattering can be achieved by an optimal 
ratio of extrinsic and intrinsic doping.  
Sachet et al. 85 have also discussed the role of strain in scattering and mobility 
within the metal oxides. Since Dy3+ and Cd2+ have similar ionic radii, CdO experiences 
less lattice perturbation from Dy doping than from O vacancies. Runnerstrom et al. 16 
have recently substantiated on this concept in NCs of In2O3. Using density functional 
theory, the induced lattice strain due to the presence of different dopant ions (Ce, Sn and 
O vacancy) was calculated for the In2O3 unit cell. Lattice strain around O vacancy sites 
was found to be three times greater than around Ce4+ sites. They have further discovered 
that defect formation energy of substitutional Ce is 3.5 eV lower than substitutional Sn 
which is attributed to cation size mismatch in Sn4+ compared to Ce4+ and the 
corresponding difference in relative ionic radius compared to In3+.  
Though strain impacts mobility, doping can lead to changes in the band structure 
that even more significantly impact the resulting LSPR. Using Ce instead of Sn as a 
dopant results in a decrease in LSPR linewidth of 30%, though the LSPR saturated in 
energy in the mid-IR while Sn can lead to higher carrier concentrations resulting in a NIR 
resonance. Similar results were earlier postulated by Bhachu et al. 86 for Mo:In2O3 thin 
films. Electronic structure calculations showed that states near the bottom of conduction 
band are primarily of In 5s and O 2p character (Figure 1.3e). This means that if the 
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dopant orbitals do not have good energy overlap with these orbitals they will not 
hybridize well near the conduction band minimum (CBM) resulting in free carriers being 
effectively electrostatically screened from significant dopant based ionized impurity 
scattering. Compared to Sn:In2O3 which hybridizes well near the CBM and has high 
overall scattering Mo and Ce orbitals hybridize with states much higher in energy than 
the CBM and indeed, scattering in these materials is less prevalent resulting in a 
substantial decrease in LSPR linewidth. 
Incorporating multiple types of substitutional doping in the same material can 
lead to opening a large dynamic range for the carrier concentration. In the case of CdO, 
both In3+ and F- substitutional dopants are defects that contribute one electron to the 
conduction band 36. Interestingly though even after In doping saturates at high dopant 
concentrations (~20%) co-doping with F can lead to a substantially higher carrier 
concentration beyond that point (Figure 1.3c) accompanied by a decrease in linewidth at 
similar dopant concentrations. This effect shows that using multiple dopants in the same 
material can introduce multiple benefits, not only multiple electron sources that can boost 
the carrier concentration, but also, some defects can be used to both enhance carrier 
mobility in addition to changing carrier concentration like in the case of F in CdO.  
Extrinsic interstitial doping can also introduce electrons into the conduction band 
of metal oxides. Some metal oxides like MxWO3 (M=Cs, K, Li, Na, etc.) due to a 
relatively open crystal lattice allow intercalation of ions, resulting in a broad LSPR 
spanning the near IR and tailing into the visible. Mattox et al. 23 achieved Cs 
incorporation into tungstate oxide NCs with a hexagonal crystal structure. Several 
researchers have shown that lithiation of crystalline tungstate materials enhances light 
absorption 48,87. Yang et al. 88 demonstrated with density functional theory (DFT) that 
lithiation of tungsten oxide leads to substantial free carrier density. 
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Figure 1.3   Defect chemistry and its impact on metal oxide plasmon.  a) Schemes of 
common doping mechanisms (i) with host cation (orange spheres) and oxygen anions 
(red sphere). Three common donor doping types are (ii) oxygen vacancies, (iii) aliovalent 
substitutional impurities and (iv) interstitial impurities. Reprinted  with permission from 
17 © 2014 American Chemical Society. b) Brouwer defect equilibrium diagram for [Sn] 
and oxygen vacancies in  In2O3 at fixed partial pressure of O2. Free electron 
concentration depends upon the relative concentration of 𝑳𝑳𝑺𝑺𝑰𝑰𝑺𝑺∙ , oxygen vacancies, 𝑽𝑽𝑶𝑶∙∙ , 
and (2𝑳𝑳𝑺𝑺𝑰𝑰𝑺𝑺∙ − 𝑶𝑶𝒊𝒊′′) complexes. As [Sn] is increased this leads leads to intrinsic, extrinsic, 
and compensating regimes. Reprinted adapted version with permission from 17 © 2014 
American Chemical Society, based on the 84 © 2000 version with permission from 
Elsevier c) UV-Vis-NIR spectra of spherical F,In:CdO NCs (top) and In:CdO NCs 
(bottom) having similar dopant concentrations. Incorporation of F in In:CdO lattice leads 
to higher carrier concentration and lower scattering resulting in a LSPR blue-shift and 
decrease in FWHM. Reprinted with permission from 36 © 2014 American Chemical 
Society. d) FTIR spectra of Sn:In2O3 NCs at various dopant concentrations (0-5%) 
oxygen vacancies in In2O3 lead to a LSPR around 2000cm-1 (black). Increasing Sn 
concentration (spectra in color) lead to higher energy LSPR which saturates at around 
5500 cm-1. e) Calculated total and partial density of states for (a) pure In2O3 and (b) one 
Mo dopant on the 8b site in a 40 atom primitive cell. The dashed lines indicate the 
highest occupied states. Absence of Mo 4d state above the highest occupied state in 
Mo:In2O3 EDOS curve signifies low scattering of free electron from 𝑴𝑴𝑴𝑴𝑰𝑰𝑺𝑺∙ defect site. 
Reprinted with permission from 86 © 2015 American Chemical Society. 
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1.3.2 Dopant integration and dopant choice effects on LSPR 
Control over dopant integration into NCs is a non-trivial aspect of understanding 
LSPR in CMOs. Depending upon the synthetic method utilized the dopant concentration, 
the dopant spatial distribution, and dopant activation are greatly impacted. Due to 
interactions between delocalized carriers and dopants, these effects make a substantial 
impact on the final LSPR properties of the nanocrystals. Free electrons in photo-doped 
ZnO NCs behave similarly to compositionally doped Al:ZnO NCs by EPR indicating 
metallic behavior of both 89,90. However, both theoretical 33 and experimental studies 24 
have indicated that the presence of the Al3+ ion changes the LSPR damping and selection 
rules significantly 32,63. Also, incorporation of different dopants into the same lattice can 
lead to very different energies and peak shapes in the LSPR within the same material like 
in the case of CdO 63 (Figure 1.4a). Understanding both the electronic structure via the 
dielectric function of these materials but also the physical structure through careful 
materials characterization is crucial to obtain an accurate understanding of the ways 
LSPR are influenced by the unique dielectric environments of CMOs compared to 
metals. 
One common example of dopant ions changing the scattering response of carriers 
in metal oxide is ionized impurity scattering observed in thin films of Sn:In2O3. Hamberg 
and Granquist 72 applied the method developed by Gerlach and Goose 91 to calculate the 
frequency dependence of ionized impurity scattering. In this method, scattering 
interactions are calculated assuming scattering centers oscillate relative to a stationary sea 
of electrons. When assessing the complex dynamical resistivity, the real part of this 
function takes on a constant value at low frequencies which is roughly equivalent to the 
DC resistivity of the material since the electrons are able to screen ionized impurities 
during the relatively large amplitude of oscillation. At high frequencies, the electrons are 
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no longer able to fully screen scattering centers and the total ionized impurity scattering 
value decreases as the frequency continues to increase. One can think of this effect as the 
amplitude of oscillation decreases at higher frequencies, causing electrons to sample less 
of the material before they change direction, decreasing the probability of scattering 
events, this frequency dependence leads to an asymmetrical peak shape in the LSPR. 
Empirical functions can be employed in fitting Sn:In2O3 LSPR to assess the constant low 
frequency damping constant expected from such a model. This low frequency damping 
constant (𝛾𝛾𝐿𝐿), is used to calculate DC resistivity of NCs obtained by fitting the LSPR 
spectrum using Equation 1.11. 
 
                                    1.11 
 
This function has  𝛾𝛾𝐿𝐿 as the low frequency damping, 𝛾𝛾𝐻𝐻 is high frequency 
damping, 𝛾𝛾𝑋𝑋 is a crossover frequency, and 𝛾𝛾𝑊𝑊 is the crossover width (depicted in Figure 
1.4b inset). 
As dopants can cause substantial scattering through ionized impurity scattering 
it’s important to understand how dopant placement within a NC effects dopant induced 
scattering of carriers. (Figure 1.4b.) Lounis et al. 17,77 demonstrated that two common 
synthetic methods for making Sn:In2O3 NCs leads to homogenous dopant distributions 
versus surface segregation of dopants by energy dependent XPS 77. In the case of 
homogenously doped particles, the LSPR exhibits strong frequency dependence of its 
scattering, conversely, surface doped NCs exhibit no significant frequency dependence of 
scattering. This suggests that dopants when located near the surface of NCs can 
contribute electrons stably but be separated enough spatially from where those carriers 
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are moving in the NCs that they do not damp the LSPR. Since minimizing scattering in 
these materials is crucial to most applications, surface segregation of dopants may help 
minimize scattering. Yet, NCs with their dopants near the surface have a lower carrier-to-
dopant ratio, indicating that it is easier for other defects to compensate aliovalent dopants 
that are near the surface, making doping less efficient and stable.  
The frequency dependent scattering model is a simplistic model and is not 
necessarily applicable to all metal oxide systems. For example for In:CdO, Mendelsberg 
et al.34 found that for 𝜔𝜔 > 𝜔𝜔𝑝𝑝, a high background dielectric value of the host crystal led 
to  impurities being screened efficiently. Ce doping instead of Sn doping in In2O3 leads to 
effectively no frequency dependent scattering in the material 16. It’s important to take into 
account the very different values of ωp observed throughout the different CMO materials 
and consider not only which dopants will hybridize with the CBM in way that causes 
them to introduce ionized impurity scattering, but also which energy regimes are relevant 
for screening effects changing appreciably across the linewidth of the LSPR. 
Indeed, thinking of dopants as simple free carrier donors that can have their 
impact on carrier mobility mitigated by spatial distribution within the NC is not a 
complete picture of how dopants change the electronic properties. For example, 
comparing photo- doped In2O3 and Sn:In2O3 NCs indicated that Sn is lowering the CBM 
of In2O3 keeping the Fermi level more or less fixed in oxygen rich environments 47. Some 
dopants that would appear to aliovalently dope their host, for example Fe3+:ZnO, do not 
cause any substantial free carriers to appear within the conduction band as the Fe orbitals 
are too deep of donors to hybridize with the CBM. In this case another negatively 
charged defect must compensate the charge on the Fe3+ ions. Despite this, the Fe sites 
will still accept charges upon co-doping with other charge donating dopants (Figure 1.4d-
e). In ZnO both Sn dopants as well as photodoping (see Section 4 for description of 
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photodoping) have been shown to convert Fe3+ to Fe2+ before starting to add charge 
carriers to the conduction band 92,93 despite other charge compensating defects already 
being present in the material.  
Improving methods for controlled dopant integration into NCs will enable 
meaningful research into the effect of dopants on scattering in NCs. Many observations 
of ensemble linewidths in NCs of CMOs indicated much lower carrier mobilities than 
expected. Though the introduction of surface and interfacial scattering are significant 
here when comparing NCs to bulk, these observations of substantial broadening were 
surprising. Interrogating single NC optical responses is required to understand this effect, 
as homogenous linewidths are the best indicator of the physical process at play. In IR 
responsive materials, it is challenging to make single NC optical measurements as the 
diffraction limit is so much larger than small sized NCs. Standard techniques for optical 
characterization of single NC LSPR such as dark field scattering 94,95 and acoustic 
modulation 96,97 are not easily adapted to IR light. Johns et al. demonstrated that through 
the use of near-field optics single NC measurements can be made with a light source that 
is adequately bright and spectrally broad to probe the full LSPR lineshape 80. One such 
option is the use of IR synchrotron radiation as the light source of s-SNOM, a technique 
known as synchrotron infrared nano-spectroscopy (SINS) 98. Extreme particle to particle 
variability in LSPR energy as well as linewidth and lineshape were observed in Al:ZnO 
NCs. The single nanocrystal LSPR linewidth (Figure 1.4f) is less than half the linewidth 
of ensembles indicating that dopant integration is quite heterogeneous in CMO NCs with 
some synthetic methods. These single particle measurements can be used to obtain a 
more accurate value for the NC dielectric function without the contribution of ensemble 
broadening, which can be used to model the pure response of the material without 
contribution from its surroundings (Figure 1.4g) 16. 
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Better control over dopant integration is already possible for some doping 
schemes such as using plasma synthesis to make Al:ZnO NCs 21 to ensure dopants are 
integrated homogenously rather than only at the surface. An even higher degree of 
control (doping, particle monodispersity, and colloidal stability) has been achieved 
through layer by layer growth of Sn:In2O3 at such a slow rate that dopants can be 
selectively introduced at any point during the growth by merely changing if a doped or 
undoped metal precursor solution is used during different points in the reaction 99. 
Expanding similar levels of control over size, shape and dopant distribution across a 
range of plasmonic CMO NC compositions is crucial for further advances in this field. 
It’s worth noting that in addition to better control over dopant location, there is still 
significant variation in literature reports regarding the apparent dopant activation. For 
example, in Sn:In2O3 NCs LSPR energies are often reported across the mid-IR and up to, 
but never higher than ~0.8 eV. While this tuning range has been demonstrated over 
dopant ranges from 0-5% Sn in some cases 100 in others it required more than 10% Sn to 
reach this same high energy limit of the LSPR 30.  
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Figure 1.4 
 23 
Figure 1.4 Doping strategies and resultant metal oxide LSPR properties a) 
Normalized FTIR extinction spectra of doped CdO NCs dispersed in 
tetrachloroethylene (TCE). Due to different extent to which dopants are 
incorporated and activated, different dopants such as In (blue), Sn (brown), 
Al (yellow), and Ga (violet) show LSPR saturation at different frequencies. 
Adapted with permission from 63 © 2014 American Chemical Society b) 
Optical extinction (solid lines) and extended Drude fit (dashed lines) for 
surface segregated (blue) and uniform doped Sn:In2O3 NCs. Higher 
frequency dependent scattering (inset) due to [Sn] defect sites leads to 
broader FWHM in uniform doped NCs. Adapted with permission from 77 © 
2014 American Chemical Society c) Normalized optical absorption spectra 
of hexagonal Cs:WO3 nanocrystal samples of platelets (green), isoprisms 
(orange), and rods (blue) dispersed in TCE.  Spectra show strong aspect 
ratio dependence on LSPR response which could only be explained via 
consideration of both shape and crystalline anisotropy in these NCs 
Reprinted with permission from 26 © 2016 American Chemical Society d) 
Schematic band diagram for Fe-doped ZnO QDs before and after raising the 
Fermi level by photodoping. Incorporation of Fe in ZnO lattice leads to deep 
trap states, which effectively reduces overall photo induced free electron 
concentration. Schematic is adapted from 93, published by The Royal 
Society of Chemistry. e) Reduction of overall free electron concentration 
resulted from codoping Fe with Sn in In2O3 NC. Incorporation of Fe leads to 
red shift of plasmon absorbance spectra denoting decrease in free carrier 
density as electrons localize on Fe sites. Figure 1.is adapted with permission 
from 92 © 2014 American Chemical Society. f) Comparison between 
ensemble spectra measured by conventional transmission FTIR on KBr 
substrates (dashed lines) to single nanocrystal spectra of Al:ZnO and 
Sn:In2O3 shows substantial decrease in FWHM in single NC measurement 
due to NC-to-NC variations in LSPR frequency within a batch. Reprinted 
with permission from 80 © 2016 Nature Publishing Group g) Dielectric 
function evaluation of Ce:In2O3 NCs (Inset) via fitting SINS spectrum (red 
line) using electromagnetic simulations of SINS experimental setup (green 
line). Obtained dielectric function was used to simulate absorption spectra of 
single isolated NC. Reprinted with permission from 16 © 2016 American 
Chemical Society.    
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1.4 Material and morphological influences on near field enhancement   
Though doping is certainly a powerful tool for tuning plasmonic properties in 
CMOs it is not the only factor that changes the LSPR response. NC shape, crystal 
structure, and orientation in space can all lead to substantial changes in the optical 
response. Depending on the reactivity of dopant precursors, ligand chemistry and reaction 
mechanism NCs with very different structures and degrees of heterogeneity can be 
formed. Radovanovic et al. 101,102 observed two products from a single reaction; NCs 5 
nm in diameter trapped in the metastable corundum (rh-Sn:In2O3) phase and larger (>10 
nm) NCs in the cubic bixbyite phase (bcc-Sn:In2O3). These phases have distinctly 
different dopant dependence of their optical responses. While bcc-Sn:In2O3 nanocrystals 
have strong dopant concentration dependence of LSPR frequency, bcc-Sn:In2O3 has a 
small free carrier density and does not exhibit a plasmonic response at any dopant 
concentration. Differences in the CBM versus the Sn+4 donor state lead to differing 
degrees of donor activation.  
Further, Kim et al. 26 have shown that depending upon synthetic conditions 
Csy:WO3-x can be formed in the hexagonal (Cs doped) phase, which differs significantly 
from the cubic or monoclinic phases of WO3-x that are not Cs doped (Figure 1.1b). In 
contrast to the symmetric cubic phase, optical spectra of hexagonal phase tungsten oxide 
can only be explained via a cooperative influence of crystalline and shape anisotropies. 
The role that intrinsic crystalline anisotropy plays in breaking the degeneracy of LSPR 
directionality is substantial and can cause peak splitting in LSPR as a result of the 
crystallographic orientation. This effect also occurs in cesium tungstate nanocrystals by 
synthetically varying NC aspect ratios. Integration of spectroscopic observations (Figure 
1.4c) and electromagnetic near-field simulations (Figure 1.5b) revealed that unlike 
classical metal platelets or rods in which one resonance mode dominates based on the NC 
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shape, here cesium tungstate nanocrystals sustain strong dipolar LSPR modes both along 
the c-axis and parallel to the basal plane despite physical aspect ratio. Simulations of 
LSPR must account for anisotropic crystal structures as well as shape in order to properly 
model spectra in some CMO materials. 
In addition to the optical response, the localization of electromagnetic radiation 
into near-field electronic polarization via plasmonic resonances is a major topic of 
research in plasmonic materials. Applications in chemical sensing 97, imaging 3,96, surface 
enhanced Raman spectroscopy 8,65,103, enhanced luminescence 44,104 and opto-electronics 
105 all rely on coupling to high intensity local near fields produced. Such enhancement 
depends primarily upon NC electron density, electron scattering and surface curvature. 
Metallic nanoparticles have high carrier density and have been made with complex sharp-
cornered shapes such as nano-stars 12, nano-rice 14, and multipod structures 9 each 
demonstrating efficient near-field enhancement. For nanostar tips, enhancement on the 
order of 105 was shown upon illumination with 700-800 nm light 12. To reach infrared 
light enhancement metal structures are increased in size, such as hollow spheres, or long 
nanorods at the cost of reduced near field intensity 10,13. These drawbacks of metal 
nanoparticles for IR applications make metal oxide NCs a promising alternative 
candidate.  
Demonstrating the potential of CMO NCs for near-field enhancement, Agrawal et 
al. 37 used the discrete dipole approximation to simulate enhancement by In:CdO NCs. 
Despite the lower carrier concentration compared to metals, suppressed electron 
scattering in CdO allows these NCs to efficiently concentrate IR light. Near field 
intensity enhancement (NFE) was calculated for sharp cornered cubes and octahedra of 
In:CdO (Figure 1.5a-b) for dipolar modes along the corners, edges, and faces. A 
maximum NFE of 105 was calculated, and was shown to be significantly reduced with 
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rounding of sharp corners and edges. Shape control is very important to NFE, and can be 
controlled somewhat through choice of precursors in NC synthesis106. Runnerstrom et al. 
16 demonstrated the shape of Ce:In2O3 can be tuned between spherical and cubic through 
choice of precursor. Further, Gaspera et al. 32. showed that even the dopant element 
choice can impact the shape of doped ZnO nanocrystal ranging from pseudo-spherical 
with Ga and In to elongated pyramids with Al. Other shape induced LSPR properties 
have been demonstrated in Cs doped WO3, 26 which supports almost equal NFE for both 
longitudinal and transverse polarization (Figure 1.5c). This result is noteworthy as in 
metal nanorods, high NFE is only observed along the longitudinal mode. Certainly, the 
intricate interplay between shape and crystalline anisotropy in CMOs can be leveraged 
for precise peak splitting for applications such as imaging, SERS spectroscopy and 
photonics. Better shape and size control, as well as dopant choice and distribution 
warrant further research for improved CMO NFE. 
Plasmon coupling between adjacent NCs and films to induce plasmon gap modes 
is another approach to improving NFE. Computations of hot spot formation in between 
coupled In:CdO NC dimers indicated that coupling can lead to an order of magnitude 
improvement in NFE 37. Moreover, Li et al. 27 studied the effect of inter-particle spacing 
on the optical response of random and periodic assemblies of Sn:In2O3 nanorods. The 
periodic Sn:In2O3 nanorod array demonstrated a narrower plasmon peak and several 
small features in the p-polarized reflection spectrum, indicative of coupling between 
dipole (multipole) modes and standing waves in the Sn:In2O3 nanorods (Figure 1.5d) Due 
to the generation of mid-IR plasmons in CMO NCs at small sizes, Kuznetsov 107 was able 
to demonstrate that despite the lower NFE of single CMO nano-antennas compared to 
metallic ones, their small size allowed more closely packed arrays of nano-antennas. This 
provides a 30-fold increase in the density of the hotspots compared to a metallic array, 
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indicated device scale enhancement substrates are more likely to be successful in CMOs 
in the mid-IR. Finally, Gordon et al. 19 showed that via self-assembly of metal oxide NCs 
into large scale periodic structures, inter-particle spacing is controllable via the packing 
structure. With promising NFE in both single NCs and periodic structures, metal oxide 
plasmon are attracting more attention for a diverse range of application taking advantage 
of their light absorption as well as their near field enhancement. 
 
 
 
 
Figure 1.5 
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Figure 1.5    Near field enhancement in plasmonic metal oxide nanocrystals Near 
field enhancement (NFE) map of a In:CdO cube (a) and octahedron (b) 
using the discrete dipole approximation. For both shapes fundamentalcorner, 
edge and face geometrical modes were observed (from left to right). For the 
cube at the highest intensity peak (2207 nm), the enhanced field is strongly 
localized at the corners of the cube, reaching field enhancement factors of 
up to 233, while for the octahedron at highest intensity peak (2160 nm), 
NFE of up to 260 was observed. Reprinted with permission from 37 © 2015 
American Chemical Society  c) Near field intensity map on log scale for a 
rod excited at the two LSPR peak frequencies of CsWO3 nanorods. Due to 
strong crystalline anisotropy in h-CsWO3 almost equal enhancement could 
be sustained along both transverse and longitudinal plasmon modes. 
Reprinted with permission from 26 © 2016 American Chemical Society d) 
Near field enhancement in periodic structure of Sn:In2O3 nanorods with 
inter-particle spacing of 600nm (A-E) and 1500nm (F-H). Inter-particle 
dependent coupling between standing waves and dipolar plasmon modes 
lead to different near field profiles. Reprinted with permission from 27 © 
2011 American Chemical Society 
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1.5 Active modulation of metal oxide plasmonics   
Carrier concentration in CMO nano-structures have been post-synthetically 
varied, leading to dynamic modulation of their plasmonic properties across a 
technologically relevant dynamic range. Their ability to respond to external stimuli has 
led to proposed applications in smart windows 25,48–50,87,108–113, redox sensors 26,46, and 
electro-optical modulators for all photonic circuitry 45,53,105,114–116. Since the LSPR of 
nano-materials can be induced to shift over wide energy ranges upon changes in free 
electron concentration, controlling carrier concentration dynamically leads to control over 
the optical properties. Several approaches can be taken to shift the carrier concentration 
whether electrochemically (electrochromism), photoelectrochemically (photochromism), 
or through direct chemical redox processes (chemochromism). Each of these approaches 
not only shows the versatility of CMO plasmonics but also helps to elucidate the 
electronic and chemical properties of these materials in ways that static observation 
cannot fully resolve. 
 
Though modulation has been demonstrated in metals such as Au and Ag, 117,118, 
generally very small optical modulations have been achieved. For example, Mulvaney et 
al. 117,118 showed that for both Au and Ag, a nominal shift of their LSPR of only around 
30 meV (about 10nm at 680 nm) can be induced using an external applied voltage. 
Alternatively, several researchers 28,49,52,119 have shown that metal oxide NCs can exhibit 
LSPR modulation over more than 200meV (about 450 nm at 1800nm) due to the 
substantially larger debye lengths of semiconductors compared to metals and the fact that 
at and lower carrier concentration the change per electrons added is proportionally larger. 
The sensitivity to modulation strongly depends upon the material, NC size and 
morphology, dopant characteristics, and charging method.  
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1.5.1 Electrochromism  
Changing the free carrier concentration in a material via an externally applied 
voltage leads to accumulation or depletion of electrons compared to equilibrium 
conditions. This approach to modulating the optical properties of NCs can be achieved 
through both electrical (capacitor configuration) and electrochemical (supercapacitor or 
battery configuration) methods for disrupting the equilibrium charge states of a material 
110,113. One prolific example of such electrochromism is in developing ‘smart’ windows 
where one can modulate NIR solar transmission by inducing large shifts in the absorption 
maximum of the LSPR of metal oxide NCs. Motivated by the potential for energy 
savings via control over light and heat transmission through windows, researchers have 
developed ways to separately modulate visible transmission of a colored host material 
and NIR transmission of embedded plasmonic CMO NCs. The approach in such devices 
is a “battery type” multi-layer electrochromic device consisting of an active 
electrochromic electrode layer, a counter electrode, an electrolyte layer separating the 
two electrodes, and two transparent conducting oxide coated supporting substrates which 
serve as back electrical contacts. The device operates through Faradaic (intercalation of 
cations such as Li+ or H+) or capacitive processes, and depending upon the potential 
applied electrons are stabilized or removed from the electrochromic electrode. As 
electrons are added or removed from the material the carrier concentration can vary by so 
much as to see changes in transmission of over 80% across the solar NIR (Figure 1.6a-b).  
Electrodes made from NC films can exhibit unique electrochromic performance 
78. Garcia et.al. 25 demonstrated that such capacitive charge injection is possible when 
porous ITO nanocrystal films are made. The NCs must be stripped of their native ligands 
and annealed so as to minimize barriers for electron conduction through the NC network. 
If the interconnected NC network is too resistive problems arise such as requiring 
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voltages that exceed electrolyte stability or extremely slow charge percolation through 
the film. Porous networks of Sn:In2O3 NCs were first employed because in addition to 
enabling electron conduction through the NC network, the open pores of the film allowed 
for a high active surface area of compensating counter ions to adsorb onto the NC 
surfaces for charge compensation. This approach to forming efficient electrochromic 
layers of metal oxide NCs has now been demonstrated in Sn:In2O325,49,108, Al:ZnO 24, 
Nb:TiO2 50, as well as in WO3-x 48,87 and Cs:WO3-x 26. In order to achieve dual-band 
visible and NIR electrochromism, Llordes et al. 49 demonstrated that by replacing the 
native ligands of Sn:In2O3 NCs with polyniobate clusters before annealing a NbOx matrix 
NC composite film can be made, which, is capable of controlling both visible and NIR 
light independently. At a low cathodic voltage, the LSPR of the NCs in NIR is modulated 
but at higher potentials reduction of NbOx gives polaronic electrochromic response in the 
visible spectrum. Building upon this work, Kim et al. 48 used architectured WO3-NbOx 
composite films to achieve even faster switching kinetics, as well as enhanced charge 
capacity and durability. Further advances are certainly possible in such systems when it 
comes to color neutrality, switching speeds, and understanding new methods for pre-
charging NC films. 
1.5.2. Chemochromism 
Applications of metal nanoparticle LSPRs in sensing applications usually relies 
upon detecting changes in the peak energy either due to a change in the dielectric 
constant of the particle surroundings due to a change in chemical composition of the 
medium, 10,11,97,120 or due to changes in interparticle LSPR coupling, which is distance 
dependent 103,121,122. In these applications, nanoparticles act as chemically passive 
observers; they do not participate in processes taking place around it. Recent studies have 
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shown that metal oxide NCs could act as sensors by reacting with local species via 
chemical interaction. Mendelsberg et al. 46 demonstrated that Sn:In2O3 NCs mediated as 
well as monitored the electron transfer during chemical conversion of CytC oxidase (o-
CytC) to  CytC reductase (r-CytC). Based on optical modeling it is possible to quantify 
the number of such electrons transferred (Figure 1.6c-d). It was also possible to detect 
electrons transferred to the NCs from bacteria, which could be used as an electrode-less 
monitor of conditions under which biological agents are electrochemically active in their 
metabolism. CMOs are well suited to tasks in which they are needed to generate a 
measurable optical shift based on charge transfer processes due to the fact that a change 
in less than 1 electron per NC is still quite substantial in terms of carrier concentration in 
these small particles at low initial carrier concentrations.  
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Figure 1.6  Dynamic Modulation of metal oxide LSPR. Schematic (a) illustrates the 
capacitive charging mechanism of  electrochromic smart widows and 
corresponding optical changes (b). When oxidizing potentials (+3V, +4V) 
are applied to the NCs, they are depleted of electrons and the NCs do not 
interact strongly with the electrolyte resulting in a red shift and decrease of 
absorbance of the NC film (red lines). At reducing potential (+1.5V, +2.0V) 
electrons are injected into the NCs and lithium ions capacity compensate the 
injected charge at the NC surface, leading to a LSPR blue (blue lines). 
Schematic (a) is reprinted from 110, published by The Royal Society of 
Chemistry and Figure 1.(b) is reprinted with permission from 25 © 2011 
American Chemical Society.  c-d) Tracking electron transfer events during 
oxidation of r-CytC using buffered Sn:In2O3 NCs. Electron concentration 
extracted via quantitative modeling of absorption spectra shows the number 
of transferred electrons follows the amount of r-CytC converted to o-CytC, 
with [r-CytC] a being the concentration of r-CytC added and [CytC]fit being 
the optically determined concentration of either form of CytC. Reprinted 
with permission from 46 © John Wiley & Sons, Inc. 
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1.6 Applications of Metal oxide LSPR 
Achieving a plasmonic response in the near- and mid- IR while still maintaining a 
high degree of control over size has made metal oxides a compelling choice for many 
applications of plasmonics. Due to the high absorption cross section of LSPR these 
materials have been applied to photothermal therapy 3,4,40–42,123,124, perfect IR absorbers 
125, IR imaging 3,4,40, near field enhancement of photovoltaics 43,104,126–128, electrochromic 
windows 25,49,50 and more. The potential for strong near field enhancement can also lead 
to coupling between LSPR and other resonators such as molecular vibrations, electronic 
transitions, phonons, and photonic modes. This has enabled application in SEIRA, 
sensing, solar cells, telecommunications, and optoelectronics. Metal oxides can improve 
upon performance over metals for many of these application, though not without some 
challenges. 
1.6.1 Photothermal therapy and imaging  
LSPR-based diagnostics and treatment of diseases have been demonstrated at the 
lab scale using Au nanoparticles that can generate concentrated heat and simultaneously 
scatter light for imaging. As discussed by Soo Choi et al. 42, gold has an X-ray 
attenuation coefficient 150-fold higher than bone and can interfere with accurate 
computed tomographic (CT) scanning in organs such as the liver where nanoparticles can 
eventually accumulate. In order to avoid such accumulation within human body and to 
promote efficient renal clearance, it has been shown that plasmonic NCs smaller than 4.5 
nm are optimal. In this size regime, gold invariably has a plasmon in the visible spectrum, 
which is outside the biological transparency window (700-950 nm). As metal oxide NCs 
do not depend upon complex shape or size control to determine plasmon energy they can 
be made at small sizes with an LSPR in the biological transparency window in the IR. 
Doped tungsten oxide 3,23,38,43 and molybdenum oxide 41 demonstrate plasmons between 
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500 nm to 1000 nm and thus are promising for such applications. Zhou et al. 3 and Deng 
et al. 40 have recently demonstrated that PEGylated WO3-x rods act as a dual-functionality 
materials; simultaneously functioning as a CT imaging agent, a photothermal imaging 
agent, as well as for photothermal therapy purposes. Deng et al. 40 demonstrated 
photothermal therapeutic tungsten oxide nanorods responding to 808 nm night with 
intensity of 1.5 W/cm2 can lead to a local temperature of up to 49 C within 4 minutes 
which causes apoptosis in tumor cells, killing them (Figure 1.7a). Zhou et al. 3 
additionally imaged xenografted HeLa tumors in a mouse with a dosage of 20 mg/kg of 
body weight; the tumor signal was enhanced 60 times in presence of WO3-x NCs. Tumor 
cell viability tests showed a promising decrease in cancer cells by more than 80% at 
moderately low laser power (Figure 1.7b). Studies also found WO3 to be non-toxic in the 
short term, though the long-term implications and lifetime inside the human body is still 
unknown.  
1.6.2 Coupling with other resonant processes  
Coupling between plasmonic phenomena and other resonant processes such as 
molecular vibrations, and electronic transitions has been demonstrated for LSPR of metal 
nanoparticles. Improving such coupling of lower energy processes such molecular 
vibrations, phonon resonance modes, or low energy electronic transitions of excitonic 
material such as GaAs using metal oxides is an exciting direction for future research on 
CMO LSPRs as more control is gained over the characteristics of their plasmonic 
resonances, colloidal stability, shaapes, and sizes. Already, low frequency phonon modes 
and excition modes of NCs have been theoretically predicted to couple with IR plasmon 
supporting materials such graphene 6 or CMO NCs 8,44 . 
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The interaction between a molecular vibration and a plasmon resonance is 
essentially the interference of two oscillating electric dipoles 129,130. The electromagnetic 
interference between the plasmon near field and a molecular bond resonance leads to a 
Fano resonance, which can be observed in molecular vibration lineshapes on the top of 
the broader plasmon feature. Strong plasmon induced near fields can enhance this 
interaction, which can be maximized through low loss LSPR (metal oxides can be very 
low loss compared to metals) and through sharp surface curvature, which synthetic 
developments are beginning to yield. Indeed, metal oxide nanostructures have already 
been used to couple to molecular vibrations by Abb et al. 8. Lithographically patterned 
Sn:In2O3 nanorods with controlled inter-rod spacing and rod length were coated with 
PMMA and the effect on the C=O molecular vibration was monitored. Indeed, the Fano 
resonance line shape strongly depends upon the size and resonance frequency of the 
nanorods (Figure 1.7c-d). These promising interactions as well as the fabrication of 
optical structures 131 utilizing a metal-insulator-metal resonator will be able to offer more 
sensitive detection capabilities as well as the potential for directing energy into specific 
molecular bonds via near field coupling.  
Another important optical process that LSPR can enhance is two photon 
absorption and upconversion, particularly in increasing the efficiency of light harvesting 
processes. Two photon processes occur more efficiently when within strong 
electromagnetic fields. Furube et al. 44 studied the transient absorption of a dye coated 
onto a Sn:In2O3 NC film. The near-IR absorbing laser dye IR26 was coated 
homogenously over the 100-150 nm NC film with a LSPR maximum around 2140 nm. 
By pumping at 2200 nm, a strong transient bleach in the dye absorption occurred in the 
presence of the NCs compared to no signal from only IR 26 film (Figure 1.7e-f). This 
observation confirmed the NFE of the NCs was inducing a two photon absorption in the 
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dye that non-plasmon enhanced light of the same power could not induce. On the basis of 
pump power dependence on bleaching amplitude they quantified the NFE factor of 
around 6, Matsui et al. 132 showed similar enhancement behavior with Er light emission 
enhanced by Sn:In2O3 NC films.  
 
 
 
Figure 1.7 Static applications on metal oxide LSPR (a) Photothermal imaging 
demonstrated with an IR heat map of a tumor with (bottom row) and without 
(top row) tungsten oxide NCs at different durations of irradiation shows a 
sharp in increase in local temperature around the tumor due to strong 
plasmon induced local heating. Reprinted from 40 © John Wiley & Sons, Inc 
(b) The high local heat kills the infected tumor (green) compared to 
continuous tumor volume expansion in non NC treated cases. Reprinted 
with permission from 3 © 2014 Nature Publishing Group (c-d) 
Demonstration of SEIRA in nano-antennas of Sn:In2O3. (c) SEM images of 
lithographically printed Sn:In2O3 dimer nanorods of various length  (d-left) 
Vibrational spectral features and intensity illustrate strong nanorod length 
dependence on the degree of LSPR-vibration coupling. (d-right) Nanorod 
length dependence on vibrational absorbance can be directly mapped on to 
the near field strength in such coupled system. Reprinted from 8 © 2014 
American Chemical Society (e-f) Plasmon enhanced two photon 
upconversion. (e) SEM cross-sectional image of IR dye (IR26) on a layer of 
Sn:In2O3 NCs. (f) This system showed 30-fold enhancement in dye 
absorption in presence of Sn:In2O3 layer. This could be attribute to plasmon 
induced near field enhancement at the dye-NC film interface Reprinted from 
44 © John Wiley & Sons, Inc. 
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1.7 Conclusion  
NCs of CMOs have been used to demonstrate that through deliberate control over 
the carrier concentration and electronic structure near the Fermi level, LSPRs are tunable 
both in resonance energy and also in quality factor across two orders of magnitude of 
energy independent of NC size or shape. The fact that these properties can lead to 
modulation of the optical response means that the size and morphology of NCs can be 
optimized for applications of interest. Significant synthetic advances that would enhance 
the potential of CMO NCs would be to achieve NCs that are stably doped at high carrier 
concentrations even at smaller sizes, to control the distribution of dopants within and 
between NCs in an ensemble, NCs with sharper faceting for the sake of enabling 
assembly and achieving high NFE, and NCs that are highly monodisperse in more 
complex morphologies. Additionally, the ways in which the surface and strain within the 
nanocrystals interact with the electronic doping process should be further studied, as 
defect compensation mechanisms are still poorly understood in these materials. Doping 
leads to carrier concentrations substantially lower than the dopant concentration, which is 
still largely unresolved. Finally, taking full advantage of the tunability of LSPR in CMOs 
in order to enhance and modulate plasmonic coupling is yet to be demonstrated and could 
lead to technologically relevant performance that surpasses metal nanoparticles. This 
field and class of materials demonstrate great promise and through further investigation 
will yield substantial technological advances in controlling light interactions in nanoscale 
volumes. 
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Chapter 2 
Shape-Dependent Field Enhancement and Plasmon Resonance of Oxide 
Nanocrystals 
This chapter is adapted from the work “Ankit Agrawal, Ilka Kriegel, Delia J. 
Milliron. Shape-Dependent Field Enhancement and Plasmon Resonance of Oxide 
Nanocrystals.  J. Phys. Chem. C, 2015, 119(11).”.  My contribution to this work included 
the all the simulations of metal oxide LSPR. 
2.1 Introduction 
The ability to localize electromagnetic waves to the size of the nano-object 
through localized surface plasmon resonances (LSPRs) gives rise to a manifold of 
applications and biology-related challenges, such as sensing,133–139 enhanced 
spectroscopies140–14517, or photothermal therapy.4,22,23 In metallic nanocrystals (NCs), the 
LSPR is mostly limited to the visible part of the spectrum and determined at the stage of 
synthesis. The LSPR frequency range of metallic nanostructures can be further extended 
to the near infrared (NIR) but this requires larger sized particles with complex shapes 
such as nanorods148(> 50 nm in length) or nanoshells149,150(> 60 nm in diameter). The 
ability to modify the plasmon resonance of NCs less than 20 nm in size to precise 
resonant absorption lines and with resonances within the biological window in the NIR151 
would be beneficial for numerous applications, such as enhancement spectroscopies in 
the near infrared,137,138,152 sensing, or photothermal therapies.153,154 
More recently, intense interest has been focused on a new type of plasmonic 
nanomaterials offering exactly these tunable properties, namely doped semiconductor 
NCs.155,156 These are comprised of vacancy doped semiconductors such as copper 
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chalcogenides,157–159 tungsten oxides,160,161 or doped metal oxide nanocrystals.155,156,162–
164 The greatest advantage is however, the possibility to tune their plasmonic absorption 
through a careful choice of the dopant concentration, which establishes the number of 
carriers and, thus the spectral position of the LSPR.156,165 In metal oxides, synthetic 
control over doping has been made possible by balancing the reactivity of precursors for 
the dopant and host crystal. Controlled synthetic doping with precise shape 
control155,156,166 leads to carrier densities in the range of 1020-1021 cm-3 and plasmon 
resonances covering a broad range of frequencies from the red to the infrared spectral 
range.156,167 Moreover, the possibility to post-synthetically modify the LSPR by applying 
a voltage to conducting films of such NCs has been demonstrated165,168–171 and 
successfully applied to electrochromic devices.170,171 More recent work has triggered the 
implementation of such NCs as sensors for chemical redox reactions, where an electron 
transfer event can be detected as a shift in the LSPR on a single electron level.172 
Moreover, in photo-redox chemistry, a shift of the plasmon resonance is triggered by 
photochemical addition of electrons, which can be reversed by the addition of mild 
oxidants.173 
Indium doped cadmium oxide (ICO) is an interesting candidate of such 
material.162 The great advantage of ICO is that its spectral characteristics can be well-
understood by a simple Drude-like free electron model, as demonstrated by analysis of 
optical spectra of thin films of ICO with different doping levels.174,175 Unlike in other 
doped metal oxides, where impurity scattering results in a frequency dependent 
damping176 or vacancies in the crystal result in localization effects,177 the carriers in this 
material can be considered as essentially free and thus can be treated like a Drude 
metal.174 ICO nanoparticles have been demonstrated to provide a tunable LSPR by 
varying the doping level, and to be synthesized in various shapes such as spheres or 
 41 
octahedra.162 However, many open questions remain in particular regarding the 
plasmonic properties of ICO nanoparticles, their shape-, size- and doping-dependent 
near- and far-field properties, their sensitivity to the surrounding medium, the possible 
effects of coupling plasmons in adjacent nanoparticles, and the potential for local heat 
production by dissipating energy from plasmon excitations. In this work, we explore 
these characteristics and simulate plasmonic far- and near-field properties of ICO 
nanoparticles under different constraints.  
A powerful tool to unlock these plasmonic properties of ICO NCs is the discrete 
dipole approximation (DDA).178–181 The NC volume is discretized into a finite array of 
polarizable points on a cubic lattice and the polarizability is calculated by taking into 
account the electric field arising from the surrounding induced dipoles.178,179 Thus, the 
extinction (absorption and scattering) cross section of a single NC of arbitrary shape or 
the electric field surrounding the nanostructure can be calculated.  
Here, we have done numerical calculations using the DDA and an analytical 
solution based on the Mie theory in order to calculate for the first time the plasmonic 
properties of metal oxide nanostructures, and in particular ICO NCs of varying carrier 
concentration, shape and size. The near- and far-field optical responses of differently 
shaped ICO NCs have been studied, taking advantage of the experimentally determined 
dielectric function of ICO at various doping levels. Our results demonstrate that such 
NCs are interesting candidates for infrared plasmonics with the benefit of synthesis and 
post-synthesis control over their LSPR allowing a precise tailoring of their plasmonic 
properties, which demonstrate a high sensitivity to the carrier concentration and shape. 
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2.2 Methods 
2.2.1 Lorentz-Mie Theory 
The Mie solution is an analytical solution to the Maxwell’s equations to obtain 
light scattering from a spherical particle. It is a general solution for any spherical size, 
and has been simplified under sub wavelength conditions (
effa λ<< ). In this quasi-static 
limit, Mie theory assumes that the phase retardation and effect of higher multipoles are 
neglected and field can be considered as constant throughout the volume of the particle. 
Under this assumption, absorption coefficient is given by the following equation,  
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where k is the wavevector in vaccum, 𝜀𝜀𝑝𝑝(𝜔𝜔) is the dielectric function of the 
particle, 𝜀𝜀𝐻𝐻 is the dielectric function of the medium and R is radius of particle. 
2.2.2 Discrete Dipole Approximation 
The Mie solution is only applicable for spherical particles and for ellipsoids or 
rods applying certain corrections. But in order to simulate extinction spectra for any 
general shape and size a numerical method is required. In this work, our computational 
results are based on a numerical solution of the Maxwell’s equations. The Discrete 
Dipole Approximation (DDA) was employed as a numerical method for its solution178,179 
and an open source program DDSCAT 7.2178,179 was employed for the calculation. The 
DDA technique allows the calculation of the optical absorption and scattering of NCs of 
arbitrary shape. In practice, the continuum target is approximated by an array of 
polarizable points located on a cubic lattice with an interdipole distance, d given by 
V=N·d3, where V is the volume of the particle and N the number of polarizable points. 
The size of the particle is determined by the effective radius ( )1/33 4eff Vr π= , representing 
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the radius of a sphere of equal volume. The differently shaped NCs are discretized into an 
N×N×N array of interacting spherical dipoles. In order to get converged numerical 
results, a sufficient number of discrete dipoles needs to be considered, which is chosen to 
satisfy the convergence condition  
0.5de κ <                 2.2             
wheree  is the complex dielectric function, 2πκ λ=  is wave number. Then, the 
polarization for each dipole is determined by solving 3N equations for 
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 −
= − + − ≠ 
  
              2.4 
where jkr is the distance between j and k dipole, jˆkr is the unit vector along jkr  and 
I  is the identity matrix. The self-interacting term jjA is given by 
1Ajj jα
−=                 2.5 
where jα  is the complex polarizabitlity of the dipole, which depends upon the 
material’s dielectric function ( je ), the radius of each dipole reff and the surrounding 
dielectric medium ( He ). It is given by the corrected discretized Clausius-Mossotti 
equation. It has been found that accuracy of this mathematical formulation can be 
improved for high dielectric value materials by filtering out the high spatial frequency 
component. This new corrected dipole is known as Filtered Couple Dipole. Convergence 
of different numerical method is compared to analytical Mie solution in Figure 2.1. 
( )
1
CM
j D
α
α =
+
                 2.6 
where, ( )CMα is Claussius Mossotti term given by 
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and D is the correction term given by 
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Extinction, absorption and scattering cross sections can by calculated using the 
polarizability obtained from eq 2.6 through,  
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           ext abs scaC C C= +                2.11 
Now, Near Electric Field and Internal Electric Field can be calculated through, 
1
,
,j j
inc scat
inc i j  dipoles ij j
dipole  jP
E E E  
i  surrounding discretizationE A P
α−
∈
= + =  ∈− ∑
  
        2.12 
Extinction, absorption and scattering efficiency, which is directly calculated from 
DDSCAT is defined as ii
eff
CQ  where i = ext, scat, abs 
a2
,
π
=         2. 13 
 
Figure 2.1    Numerical Convergence of DDSCAT methodology Convergence of DDA 
compared to the analytical solution from Mie theory. Comparison of 
performance of different method of discretization of Maxwell equation 
available in DDSCAT package 
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2.2.3 Plasmon Heating 
The NC absorption of energy due to the plasmon resonance will give rise to a 
temperature increase of and around the NC. The heat is considered to be localized in 
close vicinity of the NCs. Since its dimensions are in the nanometer range the 
temperature gradient inside the particle can be considered as static and a steady state is 
reached within a few picoseconds. Here, we therefore estimate only the steady state 
temperature profile. At steady state, heat is absorbed by the NC ( absQ ) and dissipated to 
the surrounding ( disQ ). For the calculation of the absorbed heat the absorption cross 
section Cabs of the NC is considered. Then absQ is given as  
H
abs abs abs
c
Q C I C E
1/2
20
0
( )
2
e e
= =             2.14 
with c being the speed of light, and disQ as 
( )dis nanoparticle bulkQ ha T T= − ,             2.15 
where h is the heat transfer coefficient, a is the surface area and Tbulk determines 
the temperature in the surrounding medium. The heat transfer coefficient for a spherical 
particle immersed in a pool of surrounding medium is given by skh
R
= , where sk is the 
thermal conductivity of the medium and R is the radius of the particle. Taken together, 
this results in the following equation  
1/2
20
0
( )( )
2
abs H
nanoparticle bulk
C cT T E
ha
e e
− = ,          2.16 
Substituting absC from Mie theory for the spherical particle we get: 
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s p H
wcRT T E
k w
e eee
e e
 − − =  
+  
                    2.17 
which determines the temperature change in the surrounding medium as a 
function of the NC radius R. It shows that temperature difference is proportional to the 
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square of the radius of the particle and directly proportional to the intensity of the 
incoming wave. 
2.3 Results and discussion   
A major differentiation of plasmonic semiconductor NCs versus metallic 
nanoparticles is the possibility to change the free carrier concentration inside the particle 
over a wide range, which can be pre- and post-synthetically controlled. This plasmon 
characteristic, which is unique to this class of materials, allows dynamic modulation of 
the plasmonic response. Here, we investigated the effect of varying carrier concentration 
via doping on the optical near- and far-field properties of ICO NCs. We simulated the 
extinction spectra of 10 nm diameter spherical ICO NCs for carrier concentrations 
varying from 0.81 to 1.33·1021 cm-3 (Figure 2.2a). The strong resonance in the near 
infrared (NIR) is ascribed to the localized surface plasmon resonance (LSPR), which can 
be tuned from 2250 to 1600 nm depending upon the carrier concentration. A blue shift of 
the LSPR is observed with increasing carrier concentration. This result can be understood 
from the Mie theory where the absorption cross section is given as: 
e ω e
ω π e
e ω e
 − =  
+  
1/2 3 ( )( ) 4 k( ) Im
( ) 2
p H
abs H
p H
C R                2.18 
with k being the wavevector, R the NC radius, He  the host dielectric constant, and 
( )pe ω  the material dielectric function. Taking the resonance condition 2r He e= −  and the 
Drude dielectric function the LSPR peak position can be found as 
2
2
1 2
p
LSPR
H
ω
ω γ
e
= −
+
                           2.19 
where, γ is the damping constant and pω , the plasma frequency that relates the 
carrier density Nc: to the LSPR peak position ωLSPR, is: 
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where e is the electron charge, *em is effective electron mass, and 0e is the vacuum 
permittivity. 
\
 
Figure 2.2   Dopant concentration effect on LSPR properties of ICO nanocrystals. 
a) Extinction coefficient of ICO NCs of 10 nm diameter at different levels of 
doping ranging from 8.1·1020  To 1.33·1021  cm-3. Inset: interband region 
illustrating the Moss-Burstein shift with increasing carrier density. b) 
Change in LSPR peak wavelength versus change in carrier concentration 
assuming an initial carrier concentration of 8.12·1020  cm-3. The slope of the 
linear relationship is defined by us as the carrier concentration sensitivity 
factor. 
Thus, an increase in carrier density directly explains the strong blue shift of the 
plasmon peak position. In line with this, it has been shown in a recent work by 
Mendelsberg et al,172 that using the carrier dependent plasmon peak shift, it is possible to 
track, model and quantify electron transfer events from organic, inorganic, biogenic, and 
even living species to the doped semiconductor NC. To quantify the sensitivity of the 
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plasmon peak to the actual carrier concentration Nc, we have derived the carrier 
concentration sensitivity factor (
cN
S ) using the Drude model and the Mie theory (the 
derivation is given in the Appendix 1). The carrier concentration sensitivity factor 
linearly correlates the change in the LSPR peak ( λ∆ ) to the change in free carrier 
concentration ( cN∆ ) as shown below.  
cN c
S Nλ∆ = − ∆ ,            2.21 
where 
3 2
* 22 ( 2* )c
i
N
e o H
eS
m c
λ
e e e∞
=
+
.                                  2.22 
iλ  is the initial plasmon peak, e∞  is the bulk high frequency dielectric constant 
and c is the speed of light (all in SI units). ICO NCs with an initial carrier density of 
0.81·1021 cm-3 follow this correlation precisely having a sensitivity factor of 20 
nm/1020cm-3 (Figure 2.2b). This means that for a spherical ICO NC of 5 nm in diameter 
the addition of 100 electrons would lead to a shift of the plasmon resonance of 38 nm. 
The addition of even one electron would give an easily detectable shift of 3.8 nm, 
underscoring the potential of these NCs as highly sensitive redox sensors. 
Since our calculations have been performed using an experimentally measured 
dielectric function41 which inherently includes the contribution of interband transitions, 
we can see the onset of the interband absorption in all spectra at around 450 nm, which is 
blue shifted with respect to the bulk bandgap of undoped CdO at around 570 nm (2.16 
eV)182. The blue shift of the interband absorption increases progressively with increasing 
carrier density (Figure 2.2a, inset). This shift is understood in terms of the Moss-Burstein 
effect of heavily doped semiconductors, where the optical band gap is shifted to higher 
energy due to the filling of states near the conduction band edge with increasing doping 
level.183 
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Another very important characteristic of plasmonic NCs is the ability to 
efficiently scatter light resonant with the plasmon frequency. We calculated the extinction 
spectra of ICO NCs of varying size ranging from 10 to 300 nm in diameter (Figure 2.3a). 
In the far-field response with increasing size up to around 100 nm in diameter, no change 
in the plasmon peak position is observed and a change in peak intensity is consistent with 
the increase in absorption with the volume change. In this size regime, absorption is the 
dominant mechanism contributing to the extinction and scattering is almost completely 
absent. These calculations are consistent with the dipolar approximation of the Mie 
theory for particles very small in comparison to the incoming wavelength.184 From 
particles of 100 nm to 300 nm in diameter we observe a red shifted plasmon resonance 
and the contribution of scattering increases rapidly, so that scattering is stronger than 
absorption for the 300 nm diameter particles (Figure 2.3b). This very strong plasmon 
scattering in the infrared is a distinguishing characteristic of doped semiconductor NCs 
and is envisaged to be very useful for application such as infrared microscopy,185 
imaging,136 or enhanced solar conversion.186 As sizes increase toward the electromagnetic 
field decay length, asymmetry in the extinction spectrum is observed and multi-mode 
absorption arises (Figure 2.3b). The origin of these modes is explored by calculating the 
spatial distribution of the electric near field.  
Maps of the enhanced electric near-field under variable single-wavelength 
excitation are calculated for NCs of 10 nm, 200 nm, and 300 nm diameter to reveal the 
plasmon modes responsible for the far-field resonance peaks (Figure 2.3c). Below 100 
nm, isolated spherical NCs have dipolar modes with modest near field enhancement 
(NFE) factors up to 24. The NFE is independent of the NC size for sizes up to 100 nm, 
consistent with the Mie theory in the dipolar regime (Figure 2.3c (i,ii)) 138 As scattering 
makes a stronger contribution for the 200 nm diameter particle, the NFE starts to 
 50 
decrease (Figure 2.3c (iii)). We can also clearly see the effect of electric field decay along 
the wave-vector in the 300 nm particle spectra and that the higher intensity peak is due to 
dipolar mode and the lower intensity peak is due to the quadruple mode (Figure 2.3c 
(iv),(v)). These results show that plasmonic modes are size dependent above 100 nm and 
the relative contribution of absorption and scattering to the total extinction cross section 
can be tuned by changing the size of the NC.  
 
Figure 2.3   Nanocrystal size effect on ICO LSPR a) Extinction spectra of spherical 
ICO NCs of increasing diameters ranging from 10 to 300 nm. b) The 
scattering (red) and absorption (blue) contribution to the extinction of a 150 
nm diameter sphere. For sizes of less than 100 nm, the scattering becomes 
negligible (not shown here). c) NFE maps for the same NCs with increasing 
size. (i,ii) The NFE factors are not influenced by size in a range from 10 nm 
to 100 nm in diameter. iii) the NFE becomes lower because scattering and 
multipolar modes start to play a major role for 200 nm diameter particles, 
iv), v) NFE maps illustrating the multipolar modes for the 300 nm sized . 
By varying the growth conditions, differently shaped NCs of the same material 
can be synthesized. Shape is known to strongly influence the near and far field properties 
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of conventional plasmonic nanomaterials.136,144,160,162 In a recent work by Gordon et al. 
ICO NCs have been successfully synthesized in different shapes such as octahedron, and 
a shape dependent optical response has been demonstrated.162 Similarly, Mattox et al. 
reported shape-dependent far-field spectra for CsxWO3 NCs.160 We calculated the shape 
dependent extinction spectra for spheres, cubes and octahedra (Figure 2.4a). As we move 
from the spherical to the sharp cornered or edged particles such as the octahedron or 
cube, the plasmon peak red shifts, becomes broader, and substantially decreases in peak 
intensity. Moreover, the spectra are characterized by secondary peaks and shoulders 
corresponding to multipolar excitations.  
 
 
 
 
 
 
 
 
 
 
 52 
 
Figure 2.4  Nanocrystal shape effect on ICO LSPR. a) Extinction spectra of 
differently shaped ICO NCs with a carrier density of 1.11E21 cm-3: All 
shapes have volume equivalent to volume of 10 nm of spherical particle. 
The spectra of cube and octahedron are dominated by multiple peaks. b) 
NFE map of cube excited at 2160 nm, 1960 nm and 1725 nm demonstrating 
the multipolar excitation. For the highest intensity peak (2207 nm) the 
enhanced field is strongly localized at the corners of the cube, reaching field 
enhancement factors of up to 233, while for the lower intensity peaks the 
field enhancement is spread over the edges (1960 nm) and faces (1725 nm) 
leading to decreased enhancement factors. c) NFE map of octahedron 
excited at  2207 nm, 1973 nm and 1581 demonstrating the multipolar 
modes. For the highest intensity peak (2160 nm) the enhanced field is 
strongly localized at the corners of the octahedron, reaching field 
enhancement factors of up to 260 while for the lower intensity peaks the 
field enhancement is spreading over the edges (1973 nm) and faces (1581 
nm) leading to decreased enhancement factors. 
The origin of the multiple peaks can be explained using near-field calculations on 
faceted NCs. In the calculations, the plasmon resonance is excited at the different peak or 
shoulder wavelengths with light polarized in y-direction and the NFE of the electric field 
is calculated. The NFE maps of the octahedron show multipolar modes mostly distributed 
over the faces, the edges and the corners (Figure 2.4c). The distribution of the near field 
is primarily over the faces when exciting the lowest intensity peak (1725 nm), over the 
edges when exciting the mid-intensity peak (1960 m), and over the corners for the highest 
intensity peak (2160 nm), leading to NFE factors between 15.5 and 260. The strong 
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differences in intensity are understood by the different distributions of the field. The 
strong accumulation of field intensity at the corners for excitation with the highest 
intensity peak leads to the highest NFE factors of up to 260. Very similar results are 
observed for the cubic particle, where the shift of the accumulated near field from the 
faces to the corners results in increased NFE factors of up to 233 (Figure 2.4b). The 
higher NFE factor in the octahedron with respect to the cube is due to excitation 
polarization along tip-tip diagonal. These strongly localized field distributions are 
responsible for high sensitivity of the plasmon resonance to the refractive index of the 
surrounding medium and this sensitivity is exploited for various applications such as 
sensing of single molecules or mass spectrometry.137,138,54 An advantage that our 
semiconducting nanoparticles hold over metallic ones is their surface chemistry that 
supports surfactants of various functional groups and coordination chemistry for specific 
binding to certain facets in the crystal. The surface chemistry of semiconducting 
nanoparticles has been studied in detail and is widely understood, resulting in the 
possibility to fine tune and precisely control the shape and size of such 
nanoparticles.187,188,189 Thus, a direct attachment of various functional groups to specific 
facets is given in semiconducting NCs, which can be exploited for sensing application or 
surface enhanced spectroscopies with site specific detection.190 
 To analyze the sensitivity of our nanostructures to their surrounding medium, we 
have calculated the plasmon resonance of ICO nanoparticles with different surrounding 
refractive index, thereby taking into account differently shaped particles, such as sharp 
cornered octahedra, cubes or spherical particles. First, we have calculated the plasmonic 
response for a 10 nm diameter spherical particle to the medium refractive index (Figure 
2.5a) using the Mie theory, which in the dipolar limit gives similar results to the DDA. 
Equation 2.23 demonstrates the dependence of the absorption to the surrounding medium:  
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m nλ∆ = ⋅∆                2.23 
where m is the sensitivity factor per refractive index unit, n∆  is the change in 
refractive index and λ∆  is the corresponding wavelength shift.137 The calculated 
extinction spectra for the sphere (Figure 2.5a) show an increase in peak intensity and a 
red shift with increasing refractive index. For sensing application, it has been found that 
sharp edges or corners in the plasmonic nanoparticles give a stronger response to changes 
in the surrounding environment.191 Thus, we calculated the shape dependent response of 
the ICO octahedron to changes in the surrounding medium (Figure 2.5b). A redshift in 
plasmon peak is observed with increasing refractive index of the medium, which is 
greater in magnitude compared to the spherical particle (Figure 2.5d). Using equation 22 
and from Figure 2.5d, we have calculated the sensitivity factor per refractive index unit 
for both spherical and octahedron particles at their highest intensity peaks to be 560 nm 
and 804 nm per refractive index unit (RIU-1), respectively, demonstrating the stronger 
sensitivity of the ICO octahedron and spherical particle to the medium refractive index 
when compared to a typical RIU of around 300nm for gold nanorods.192 This sensitivity 
in turn affects the NFE factors as summarized for the three peaks of the octahedron in 
Figure 2.5c, demonstrating an increase of NFE with increasing refractive index. This is 
understood due to the weaker electric field in a medium with higher refractive index. 
Generally, our results demonstrate that each mode separately shows sensitivity to the 
medium refractive index, which implicates that a control over specific binding to the NC 
surface is of great importance for molecular sensing applications or enhanced 
spectroscopies in the infrared. 
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Figure 2.5    Effect of the surrounding on ICO LSPR. Extinction spectra of (a) sphere 
of 10 nm diameter and (b) octahedron with volume equivalent to volume of 
10 nm spherical particle and a carrier density of 1.11·1021  in different 
medium refractive index. A red shift and increase in intensity is observed 
with increasing surrounding refractive index. c) NFE factors excited at the 
highest intensity absorption peak (H Mode), mid intensity peak (M mode) 
and low intensity peak (L mode) versus refractive index of the medium. d) 
LSPR peak wavelength versus refractive index for both spherical and 
octahedron particle. All calculations were performed with the experimental 
dielectric functions and the fits show linear correlation as expected from the 
sensitivity relation (eq. 6) and (f) NFE maps for different carrier densities of 
i) 9.42·1020, ii) 1.11·1021  for the sphere (e) and the octahedron (f). With 
increasing carrier density the NFE is increasing. 
The NFE is also strongly dependent on the carrier concentration. Therefore we 
calculated the NFE maps for both the sphere and the octahedron (Figure 4e and f) for two 
different carrier densities of 9.42·1020 cm-3(i) and 1.11·1021 cm-3(ii). As we increase the 
free carrier density, the NFE factor increases. While this effect is minor in the sphere it is 
very strong for the octahedron (from around 130 to around 260). This result goes in hand 
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with a stronger sensitivity of the plasmon resonance to the surrounding medium of the 
NC (due to the higher fields). We envisage that in situ tuning of the NC carrier density 
could modify the sensitivity of the plasmon resonance to its surrounding. Thus, a 
variation of the NFE through the control of the carrier concentration in the NCs, offers a 
way to switch on, off and fine tune its sensitivity to the surrounding, supplying an 
additional parameter for resonance specific sensing. Taken together, the carrier density, 
size, shape and refractive index deliver a broad variety of parameters to tune the near and 
far field properties of ICO NCs in the near infrared, with a more complex shape, and 
higher carrier density delivering higher NFEs. 
Thus far, perfectly shaped NCs have been considered, however realistic NCs have 
rounded edges that may influence plasmonic properties. To explore the impact of such 
shape perturbations in ICO NCs, we compared the ensemble extinction spectra of 
synthesized ICO octahedra NCs with our calculations. By transmission and scanning 
electron microscopy (TEM and SEM) of the octahedral NCs (Figure 2.6a, inset), it is 
observed that the 10 - 20 nm sized particles show a strong deviation from a perfect shape, 
in that the edges and corners are rounded in most cases. The experimental absorption 
spectrum is qualitatively similar to the calculated spectrum for an isolated, perfect 
octahedron, but the experimental spectrum is not as broad as the simulated one (Figure 
2.6a). This difference motivated us to study with the DDA the effect of rounding of the 
corners and edges on the absorption spectra and NFE. This study was performed on a 
cubic particle of 8 nm side length. To study this effect, the corners and edges of a perfect 
cube (Figure 2.6b, (i)) are rounded to a different extent (Figure 2.6b (ii)). The rounding 
has been described using a rounding factor (a) as the ratio between the radius of curvature 
(R) to the side length of the perfect cube (L).  
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Figure 2.6    Implication of non-ideal rounded shape on ICO LSPR. a) Experimental 
and theoretical absorption spectra of around 10 nm ICO octahedron particle 
(insets)TEM and SEM images of synthesized octahedral particles show a 
deviation from the perfect octahedron shape due to rounding of the edges 
and corners. b) Illustration of rounding of the edges and corners of a perfect 
cube (i) to different extents as illustrated by the different rounding of the 
four corners (ii). The value of a defines the rounding as is calculated by a = 
R/L c) Effect of rounding the edges and corners of a cube with a carrier 
density of 1.11E21 on the absorption spectrum. Volume of all the shape is 
equivalent to volume of 10 nm spherical particle Inset: the NFE factor 
versus rounding. With increasing rounding the different modes merge 
together to reach an unresolved broad band, along with a dramatic decrease 
in NFE factors. 
The calculated extinction spectra for the perfect cube of 8 nm dimension is shown 
in Figure 2.6c, together with four rounded edge cubes. As we increase the rounding, the 
highest intensity peak blue shifts and the spectrum becomes narrower. Lower and higher 
order modes move towards each other as rounding increases and the most intense dipolar 
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mode193 dominates the absorption spectra approaching the single dipolar mode of a 
perfect sphere. These simulations are consistent with the experimental observation for the 
10 - 20 nm sized octahedra (Inset, Figure 2.6a), where a more narrow resonance was 
found in the synthesized NCs, with lower and higher energy modes that are closer in 
energy compared to the spectrum calculated for the perfect octahedron. From NFE 
calculations, we can see that as we increase the rounding, there is a significant decrease 
in the enhancement from 233 for the perfect cube (highest intensity mode) to 69.4 for a 
rounding of 1/8 (Figure 2.6d). These results demonstrate that for any application based on 
near field enhancement, the synthetic route should be optimized to have maximally 
precise shape control.  
Other than developing new synthetic routes, coupling of plasmonic particles 
arranged in assemblies may offer another option to reach higher enhancement factors. 
Indeed, in our calculations a sharp increase in the NFE occurs via the formation of hot 
spots in between proximal particles (see below). A major application taking advantage of 
the high NFE factors is surface enhanced Raman spectroscopy (SERS). It has been found 
that as a molecule is adsorbed onto a plasmonic nanoparticle or come close to it, the 
Raman scattering gets enhanced by factors ranging from 108 to 1014.138,141,142 This leads 
to specific and sensitive detection of molecules. To get the maximum enhancement, it is 
ideal to have the plasmon wavelength close in energy to both the incident wave frequency 
and the Stokes shifted Raman frequency.138 Another way to enhance the Raman signal is 
resonance Raman spectroscopy, where the Raman signal is enhanced at least by five 
orders of magnitude (SERRS), when exciting with a laser in resonance to an electronic 
transition of the molecule.194 In addition, surface enhanced infrared spectroscopy leads to 
enhanced infrared absorption signals of molecules covering islands of plasmonic 
nanostructures that show plasmonic absorption up to the infrared.195 Plasmonic 
 59 
semiconductor NCs have plasmonic resonances in the infrared tunable over a broad range 
of wavelengths. This might deliver a new approach to enhanced spectroscopies in the 
infrared through a pre or post-synthetic fine tuning of the LSPR peak to the frequencies 
of interest, such as the molecular resonance of a certain molecule of desire.  
 
 
Figure 2.7  LSPR coupling effect on optical spectra. a) Absorption spectra for the 
dimers of (a) sphere, (b) cube and (c) octahedron for different interparticle 
distances a and a carrier density of 1.11·1021  for sphere and octahedron and 
1.3·1021  for cube dimer. Volume of single particle in all the dimer are 
equivalent to volume of 10nm spherical particle. The LSPR shifts due to 
interparticle plasmon coupling the closer the particles get. This effect is the 
strongest in the cube dimer with face to face orientation. 
Thus, we investigated the field enhancement between adjacent plasmonic ICO 
NCs with spherical shape, tip to tip enhancement in octahedron NCs and face to face 
enhancement in cubic NCs. These orientations could plausibly be formed during 
assembly of NCs. Absorption spectra were calculated for a polarization parallel (x-
polarized) and perpendicular (y-polarized) to the center to center axis of the dimer (here 
the x-axis). The effect of coupling was studied for different interparticle distances a, 
defined as factor of the maximum particle dimension D along the x-axis, as illustrated in 
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Figure 2.7 a-c, upper panel. The calculated absorption spectra vary with the value of a for 
the spherical, octahedron and cubic NC dimers excited with x-polarization (along the 
dimer axis, Figure 2.7a-c). As the inter-particle distance decreases and the coupling 
becomes stronger, the major plasmon peak red shifts for all shapes, which becomes very 
pronounced with an inter particle distance of 0.2D and less. For particles in direct contact 
(a = 0), or nearly so (a = 0.01D) a stronger effect is observed: in the sphere and the cube 
dimer, the absorption spectrum changes drastically with strong multimodal peaks 
appearing (Figure 2.7a). This is attributed to the occurrence of new plasmon modes 
distributed over the entire NC dimer. Since in the case of the tip-to-tip octahedron dimer 
the plasmon coupling region is very small, we do not observe a very pronounced effect 
on its spectra, even for near-direct contact.196 
The strong plasmon coupling in NC dimers also leads to the generation of hot 
spots in the NC dimer gap. The NFE factors are increased multifold in the zone between 
the particles and are increasing with decreasing interparticle distance. The maximum 
enhancement was found for interparticle ratios between a = 0.05 and 0.2. A coupling 
analysis for the ratios from 0 to 0.05 has been omitted, as the classical Maxwell treatment 
fails in this zone and quantum tunneling effects take over.196 NFE maps were calculated 
for sphere, cube and octahedron dimers for different interparticle distances (Figure 2.8a-
c). The closer the NCs the higher the NFE factors become (Figure 2.8a). In the sphere 
and octahedron dimers a clear hot spot between the two particles is observed (Figure 7c 
(i) and (ii), respectively). In the case of the cube dimer, the location of the maximum field 
enhancement is strongly dependent on the distance between the particles (Figure 2.8b).  
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Figure 2.8   Near field enhancement map of ICO dimers. a) Maximum NFE values 
versus interparticle separation for the sphere, octahedron and cube dimers. 
With decreasing separation the NFE increases. The highest values of 394 is 
obtained for the octahedron dimer due to the strong localization of the field 
between the tips. B) Coupling in the cube dimer for different interparticle 
distance ranging from 0.05D (top panel) to 2D (bottom panel). The position 
of the hot spot shifts from between the faces to the corners with increasing 
distance. C) Field enhancement map of the (i) sphere and (ii) octahedron 
dimer with an interparticle distance of 0D excited at 2031 nm and 2345 nm, 
respectively. Hot spots in between the particles are observed, which are 
strongly localized in the octahedron dimer. 
For cubes very close to each other, i.e. less than 0.1D, the enhancement is very 
much localized in between the faces, while the enhancement shifts towards the corners as 
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the distance increases. Similar results were observed previously for the case of gold 
nanoparticles.180 For the excitation of the dimer we chose the highest intensity peak in all 
cases, while we note that the enhancement at the lower energy plasmon peak in the cube 
dimer is very similar to that of the higher energy peak (Figure 2.9d). For y-polarized light 
(perpendicular to the dimer axis), coupling was very weak and minor changes to the 
absorption spectra were observed for all the shapes (Figure2.9e, f). For distances greater 
than 1D the NC plasmon characteristics approach those of isolated NCs, indicating that 
for a pronounced coupling effect the inter-particle distance ratio needs to be less than 0.2. 
Summarizing the maximum NFE versus interparticle distance for all three shapes (Figure 
2.8a), a maximum enhancement of 400 is found in the octahedron case with an 
interparticle distance of 0.01D due to the very localized fields between the tips of the 
octahedron corners. In the small size range investigated here the spectra and the NFE of 
the dimers were found to be independent of the size of the NCs and only depended on the 
relative interparticle distance (Figure S2.9a). This scale-independence has been found 
previously also for noble metal NCs.196 Nevertheless, our results demonstrated that with a 
clever choice of shape and interparticle distance, we can design a system where field 
enhancement is obtained at the corners, faces or in between the spheres, which we predict 
will allow an enhancement of molecules located at specific facets of plasmonic 
semiconductor NCs. 
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Figure 2.9   Polarisation dependent NFE map of coupled ICO dimers. a) NFE map at 
2047 nm showing coupling between spherical particles of diameter 40nm. 
This figure shows that the NFE factor is independent of size of the 
nanocrystal in the region where we can neglect the scattering contributuion 
and NFE is only dependent on the relative interparticle distance b), c) NFE 
map at 1860 nm and 2500 nm showing the development of different mode 
of absorption for spherical particles in contact,  each having 10nm 
diameter.d) NFE map for a cube dimer with spacing 0.05D at the higher 
wavelength peak. This map shows that the NFE factor in the case of a cube 
dimer is not very different from the highest NFE obtained at 2193 nm e) f)  
NFE maps for sphere and octahedron dimers at 1845 nm and 2337 nm, 
respectively, for electric field traveling along dimer axis and polarization 
perpendicular to it.  
Plasmon resonances in NCs are known to decay through the emission of phonons 
to the surrounding medium and the efficient generation of heat in the local 
environment.137,197,198 Currently, plasmonic NCs made of noble metals are being explored 
for their use in tumor cell cancer treatment146,147, where the heat transfer from the excited 
NC is used to destroy the cancer cell. To reduce the absorption of the excitation light by 
the biological medium and associated non-targeted heating effects, researchers are 
currently trying to shift the plasmon resonances of noble metal NCs toward the infrared 
zone and into the biological window through synthesis of complex shapes such as gold 
rods199 or nanoshells200. Here, semiconductor NCs are an attractive alternative due to 
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their plasmon resonance inherently in the infrared zone and easily tunable over a wide 
range of frequencies without resorting to large sizes that can limit biological targeting 
opportunities. Due to these reasons, semiconductor plasmonic NCs may hold immense 
potential for biological applications. Important parameters essential in photothermal 
application are the temperature at the surface of the NC and the light scattering from the 
NC for possible simultaneous bio-imaging. Therefore, we have studied the effect of the 
NC size and intensity of a monochromatic laser with a frequency equal to the LSPR on 
the surface temperature of ICO NCs. All the calculations have been performed in steady 
state. A detailed calculation of the surface temperature can be found in the theory section 
of this paper. The surface temperature is proportional to the square of the particle radius 
and to the intensity of the incoming laser light (Equation 2.24, below).  
 
2
20
0
( )k
( ) Im
2 ( ) 2
p HH
nanoparticle bulk
s p H
wcRT T E
k w
e eee
e e
 − − =  
+  
    2.24 
where nanoparticleT is the surface temperature of the nanoparticle, bulkT is the 
surrounding temperature, sk is the thermal conductivity of surrounding medium, and 0E is 
the incident electric field.  
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Figure 2.10 Photo-thermal properties on single ICO nanocrystal. (a) Maximum 
temperature difference plotted against wavelength for different diameters of 
spheres ranging from 20 nm to 100 nm for an excitation density of 104 
W/cm2 and a carrier density of 1.11·1021  Inset: The maximum peak 
temperature difference Max ∆T is directly proportional to the square of the 
radius of particle b) for different intensities of the incoming light ranging 
from 102 W/cm2 to 105 W/cm2 for a NC radius of 60 nm. Inset: The 
maximum peak temperature difference Max ∆T is directly proportional to 
the intensity of the incident light. With increasing NC size and excitation 
density higher temperatures are reached. 
For particles of diameter 20 to 100 nm and an incoming laser intensity of 105 
W/cm2 a local temperature increase of 1 to 20 Kelvin can be reached (Figure 2.10a). This 
temperature difference can be strongly influenced by choosing the proper laser intensity, 
as demonstrated in Figure 8b for a 60 nm diameter spherical NC. Our results show that 
the generation of heat in semiconductor NCs can compete with the properties of noble 
metal nanoparticles. Semiconductor NCs produce slightly less temperature increase 
compared to metal nanoparticles which can create temperature rises up to 50 K for 
similar shapes and sizes.197 However, doped metal oxide NCs deliver the unique 
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opportunity of carrying an LSPR in the near infrared spectral region, even in very small 
particles, which helps in minimizing light extinction by intrinsic chromophores in 
tissue148 and presents an opportunity to design an optimal system for photothermal 
applications.  
2.4 Conclusions 
In summary, we have shown that the near- and far-field infrared plasmonic 
properties of semiconducting ICO NCs are tunable by size and shape, but more 
importantly through the variation of the free carrier concentration, a characteristic unique 
to doped metal oxide NCs. Thus, for sensors and new optical technologies particularly 
located in the infrared these heavily doped semiconductor nanostructures provide an extra 
degree of freedom for their design and optical integration.This opens the entire new realm 
of opportunities for an on-device tunability of the infrared LSPR. To quantify this effect 
and facilitate comparisons between emerging plasmonic materials we have defined the 
carrier concentration sensitivity factor relating the LSPR shift to the change in carrier 
concentration. In ICO, this factor predicts a peak shift of 3.8 nm upon addition or 
removal of one electron from a 5 nm NC.  
Although metal nanostructures can be designed to have infrared resonance, this 
has required the use of complex shapes such as nanoholes201 or  nanoshells150 and large 
particles (>100nm), which has been a major bottleneck for the development of infrared 
plasmonics. Applications such surface enhanced infrared absorption (SEIRA),195 a 
spectroscopy technique used for applications ranging from studies of catalytic processes 
to molecular sensing, are limited currently by the limitations in concentrating infrared 
light into highly localized near fields, which we have now shown is feasible with 
plasmonic semiconductor NCs. Unlike nanofabricated complex patterns, these NCs are 
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simple to fabricate on large scale using solution phase synthesis and our calculations 
predict that they can offer substantial near field enhancement of up to 260 times and high 
sensitivity to the surrounding medium of up to 800 nm per RIU, all from a very small 
octahedron nanocrystal (10nm) and in the infrared regime. These LSPR characteristics 
represent a substantial opportunity not afforded by conventional metals. 
We furthermore found a very strong plasmon scattering contribution of ICO NCs 
in the infrared from sizes of 100 nm, which is an important parameter for scattering based 
application. Taking a cue from experimentally synthesized ICO NCs and their absorption 
spectra, a study of the edge and corner rounding of cubic NCs showed a tremendous 
decrease in their NFE properties upon rounding, signifying that for single molecule 
detection and identification, a precise control over the shape is desired to reach the NFE 
factors of up to 260 as calculated for perfect octahedra. We demonstrated that “hot spot” 
dimer based applications, such as enhanced spectroscopies, as well as photothermal heat 
transfer, can be extended well in the infrared zone using ICO NCs. For both isolated NCs 
as well as in dimers high NFE factors of up to 400 have been found, directly correlating 
with the spectroscopy enhancement effectiveness of these infrared plasmonic NCs. While 
we demonstrated the potential of ICO NCs for infrared plasmonic applications, there are 
further contributions likely to affect the plasmonic near- and far-field properties, such as 
the dopant distribution within the particle or the anisotropy of the underlying crystal 
structure, which are features unique to semiconductor NCs. But nevertheless, with 
semiconductor plasmonics, we are no more restricted to sub-micron length scale for 
infrared plasmonics based applications and instead can concentrate long wavelength far 
field light into very small regions. Taken together, we believe that with the developing 
and increasing interest of the scientific community in infrared semiconductor NC 
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plasmonics, breakthrough inventions in the field of sensing, imaging and spectroscopy in 
the infrared spectral region will advance rapidly. 
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Chapter 3 
The Interplay of Shape and Crystalline Anisotropies in Plasmonic 
Semiconductor Nanocrystals 
This chapter is adapted from the work “Jongwook Kim, Ankit Agrawal, Franziska 
Krieg, Amy Bergerud, Delia J. Milliron. The interplay of Shape and Crystalline 
Anisotropies in Plasmonic Semiconductor Nanocyrstals.  Nano Lett., 2016, 16(6).”.  My 
contribution to this work included the simulations and spectroscopy of metal oxide 
LSPR. 
3.1 Introduction 
Localized surface plasmon resonance (LSPR) in metal nanoparticles or 
nanostructures has been extensively studied and utilized practically for sensing and 
manipulation of light97,202–204. Gold and silver are typical LSPR host materials as their 
high free electron densities (~1023/cm3) create resonances in the visible region205. 
Employing an anisotropic particle shape allows for tuning of the LSPR, giving rise to 
variable resonance frequency (ωlsp) via LSPR band-splitting that is inaccessible with 
(pseudo-) spherical particles206. For instance, by changing the aspect ratio (AR) of gold 
nanorods, the longitudinal LSPR mode can be shifted to the near-infrared (NIR) while the 
transverse mode remains in the visible207.  
In doped semiconductor nanocrystals, highly variable carrier density, N, 
(1018~1022/cm3) enables ωlsp over the entire infrared region208–210. However, the 
connections between LSPR properties and materials composition and structure are still 
being established for this novel class of plasmonic materials. Especially as a broad range 
of doped semiconductor nanocrystal compositions (e.g., group IV elements, metal oxides, 
metal chalcogenides, and nitrides) are studied for plasmonic applications, there is a 
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pressing need to rationalize and control the widely tunable LSPR in the infrared range. So 
far, the primary means to tune the ωlsp of these nanocrystals has been to vary the doping 
level by controlling the concentration of vacancies (e.g., Cu2-xS, InN, WO3-x)56,208,211–214or 
extrinsic dopants (e.g., Sb:SnO2, Sn:InO2, Al:ZnO, P-doped Si)30,59,215,216. N can thus be 
varied by two orders of magnitude, a tunability that has no parallel in classical metal 
plasmonics. What’s more, N and therefore ωlsp can be modulated post-synthetically by 
chemical, electrochemical25,78, or photoelectrochemical47,217 charging and discharging. 
Photoelectrochemical charging, or photodoping, in which photoexcited holes are 
scavenged to stabilize conduction band electrons, was used to compare the ωlsp in 
Sn:In2O3 with different Sn doping levels that had been post-synthetically adjusted to have 
comparable N. The ωlsp varied with Sn concentration, highlighting that composition 
impacts LSPR properties beyond the role of dopants in balancing the charge of free 
carriers.  
While rapid progress has been made to understand how variable doping 
influences LSPR of semiconductor nanocrystals, the effect of anisotropic particle shape 
has been inconsistently reported and has only rarely been quantitatively 
rationalized218,219. As stated above, shape anisotropy is well established as a dominant 
means of tuning LSPR in metal nanoparticles, which motivates investigation of shape 
effects in plasmonic semiconductor nanocrystals. Faceted octahedral In:CdO nanocrystals 
exhibited multiband LSPR that were well matched by simulated spectra in which 
deconvoluted dipolar spatial modes contributed to the lineshape19,219, whereas WO3-x 
nanorods and Cu2-xTe platelets, rods, and tetrapods have not shown LSPR band-splitting 
despite their highly anisotropic morphologies56,220. In the case of Cu2-xS nanodisks, two 
widely separated peaks were observed and assigned to in-plane and out-of-plane modes, 
though the peak shifts with changing AR were unexpectedly small221. Meanwhile, only 
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one AR-dependent resonance peak was observed for covellite CuS nanoplatelets, which 
was assigned to the in-plane mode. To rationalize the literature on copper chalcogenide 
nanocrystal LSPR, the question of how the anisotropic (layered) crystal structure 
influences LSPR properties has been raised. After all, unlike classical plasmonic metals, 
which are typically isotropic, compound semiconductors commonly exhibit anisotropic 
crystal structures. Hence, we sought to understand how nanocrystal shape anisotropy and 
the underlying crystalline anisotropy might collaborate to produce the observed optical 
properties of these emerging plasmonic nanomaterials. 
3.2 Methods 
3.2.1 Nanocrystal synthesis 
We used standard Schlenk line techniques under nitrogen atmosphere to 
synthesize h-Cs:WO3 nanocrystals. 55 mg (0.17 mmol) of W(IV)Cl4 (Alfa Aesar) was 
mixed with 5 mL of oleic acid (Sigma-Aldrich). 18 mg (0.11 mm) of CsCl (Sigma-
Aldrich) was mixed with 13.3 mL of oleic acid and 0.7 mL of oleylamine (Aldrich). Both 
solutions were degassed separately at 120°C to prepare active precursors of tungsten and 
cesium. The degassed W(IV)Cl4 solution was then injected into the degassed CsCl 
solution that was pre-heated to ~300°C and held for 9 minutes before cooling. The 
nanocrystal aspect ratio was controlled by varying the reaction temperature and the 
tungsten precursor degassing time, as well as the addition of acetic acid in the W(IV)Cl4 
solution. The featured samples were prepared with the following details. Platelets: 0.1 
mL of acetic acid was added to W(IV)Cl4 solution and then degassed for 2 hours. The 
reaction temperature was 300°C. Iso-prisms: W(IV)Cl4 solution was degassed for 2 hours 
and aged for 24 hours before reaction. The reaction temperature was 310°C. Rods: 
W(IV)Cl4 solution was degassed for 5 hours. The reaction temperature was 300°C. 
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3.2.2 Transmission electron microscopy (TEM)  
The TEM images were acquired on a JEOL-2010F with samples prepared by 
drying a drop of diluted nanocrystal solution in hexane on the surface of a carbon-coated 
copper grid. The nanocrystal sizes (height, width, and aspect ratio) were counted from 
118, 81, and 227 particles lying ‘on-edge’ on the TEM grid respectively for platelet, 
isoprism, and rod samples.  
3.2.3 X-ray diffraction (XRD) and size analysis by Scherrer analysis  
The XRD samples were prepared by drying several drops of concentrated 
nanocrystal solution in toluene on a silicon wafer substrate. The standard XRD patterns 
were acquired on a Rigaku R-axis Rapid II diffractometer with Cu K-α ray in a reflection 
configuration. The high-resolution XRD patterns for Scherrer analysis were obtained 
using a Rigaku Miniflex 600 diffractometer with a Cu K-α X-ray source operating at 
40 kV and 15 mA with a graphite monochromator. Multiple scans were collected 
between 2θ = 15° and 65° with a step size of 0.02° and scan speed of 2°/min, then 
averaged to reduce noise. Lattice parameters were refined using the program TOPAS in 
order to determine peak positions. To account for shape anisotropy leading to differences 
in peak broadening, a multiple peak fit was performed in the area between 20° and 32°, 
containing the (002), (111), and (020) peaks, along with two smaller peaks which were 
omitted in the fit. The positions of the peaks were fixed to the values obtained by 
Rietveld refinement while peak area and FWHM were allowed to vary. The 
corresponding crystallite sizes along the <002> and <020> directions were computed 
using the Scherrer equation then divided to calculate the aspect ratio of each sample. 
Crystal structure images were produced using the VESTA visualization program222. 
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3.2.4 Vis-NIR spectroscopy 
The absorbance spectra of h-Cs:WO3 nanocrystals were collected on an Agilent-
Cary5000 spectrophotometer with samples prepared by dispersing nanocrystals in 
tetrachloroethylene in a quartz cuvette with 1 cm path length.  
LSPR modulation by oxidation and reduction – An Agilent-Cary5000 
spectrophotometer equipped with a diffuse reflectance accessory was used for this 
experiment. 3 mL of a dilute platelet sample solution was prepared in a quartz cuvette 
with an airtight screw cap. Initially, the absorption spectrum was taken in the air-free 
condition. For the oxidation, the sample was exposed to air by opening the cap for a 
couple of seconds and then stirring the cuvette. The absorption spectra were collected 
after each time of air exposure, which was repeated until the decay of peak intensity was 
saturated. For the reduction, hydrazine was incrementally added (0.8 μL for each step) 
into the cuvette and the absorption spectra were collected at each step until the increase 
of the peak intensity was saturated.     
3.2.5 Computational Modeling  
Cs:WO3 nanocrystals with varying aspect ratio derived from XRD and physical 
dimensions derived from TEM were designed using the Design module in COMSOL. 
The sharp cornered hexagonal prisms were then rounded to depict realistic shape as well 
as to ensure fast numerical convergence. This structure was then surrounded by a sphere 
representing the surrounding medium (i.e. tetrachloroethylene (n=1.475), which was used 
for all experimental measurements). This whole system was then surrounded by a perfect 
index matching layer which prevented unwanted reflections from the outside boundary. 
The maximum and minimum mesh size in the nanocrystal was set to 10 nm and 0.1 nm, 
respectively (Figure 3.1). This ensures fine meshing, yielding typically 2 million degrees 
of freedom, which corresponds to 3 – 15 GB of RAM when using the direct PARDISO or 
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MUMPS solver. The hexagonal phase of Cs:WO3 is described by an anisotropic 
frequency dependent dielectric function which was expressed using the Lorentz-Drude 
dispersion model. Dielectric parameters are listed in Table 3.1. The hexagonal phase of 
Cs:WO3 is described by an anisotropic frequency dependent dielectric function which 
was expressed using the Lorentz-Drude dispersion model. Dielectric parameters are listed 
below in Table 3.1.  Dielectric parameters such as plasma frequency, scattering constant 
and high frequency dielectric constant were estimated based upon the work of Hussain et 
al and our experimental spectra.  As reported in Hussain et al223, the relative values of the 
in-plane versus out-of-plane high frequency dielectric constant and that relative values of 
the damping constant and effective mass were almost constant irrespective of the amount 
of cesium doping. In-plane Drude parameter were averaged over the xy- crossection 
plane and did not take into account the slight anisotropy along x direction compared to y 
direction. For our simulations, we have assumed these values correspond to that of 25% 
doping level. Furthermore, based on the fact that free carrier density and damping 
constant values may differ between film and nanocrystal morphologies, the absolute 
values were adjusted based upon our spectra peak position while keeping the relative 
values in different crystallographic directions fixed. 
The refractive index of the surrounding medium was set to that of 
tetrachloroethylene (n=1.475), which was used for all experimental measurements. 
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Dielectric Function Parameters Along c-axis Along a-axis 
𝜔𝜔𝑝𝑝, plasma frequency (cm
-1) 37610 25650 
𝑚𝑚𝑒𝑒, effective mass (relative to free 
electron mass) 
0.75 1.6125 
𝜀𝜀∞, high frequency dielectric constant 5.3 4.8 
𝛾𝛾, scattering constant (cm-1) 1750 2700 
 Table 3.1 Dielectric parameters used in modeling plasmonic properties of 
h-Cs:WO3 nanocrystals  
 
 
 
Figure 3.1 Geometry and meshing of platelet, iso-prism and rod. 
3.3 Result and Discussion 
In this study, h-Cs:WO3 nanocrystals were investigated as a prototypical material 
since the hexagonal structure exhibits strong crystalline anisotropy. We modified our 
previously reported synthesis of h-Cs:WO3 nanocrystals224 to gain control over AR, 
producing hexagonal prisms with AR from 0.3 to 2. Figure 3.2a-c displays the 
transmission electron microscopy (TEM) images for three representative samples, 
namely, platelets, iso-prisms, and rods with an AR of 0.32, 0.87, and 1.69, respectively. 
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XRD patterns (Figure 3.2d-f) verify that they share the same hexagonal crystal phase 
(ICSD number 56223). AR is defined as the height (H) of the prism divided by the in-
plane width (W) parallel to the basal (002) plane (Figure 3.2g-i). For each sample, W, H, 
and AR values of individual nanocrystals were assessed from multiple TEM images. The 
histograms of W and H (insets in Figure 3.2a-c) clearly show the distinct morphology of 
each sample, despite the obvious size heterogeneity. ARs were also calculated via the 
Scherrer formula225, with the (002) and (020) XRD peaks exhibiting size-dependent 
broadening corresponding to H and W, respectively, and found to be generally consistent 
with the results of TEM analysis (insets in Figure 3.2, Table 3.2, and Table 3.3). The 
Scherrer-derived AR was employed in all subsequent analysis considering the possible 
statistical errors from the limited number of nanocrystals measured by TEM.  
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Figure 3.2  Hexagonal cesium-doped tungsten oxide (h-Cs:WO3) nanocrystals with 
different aspect ratios. a-c) Transmission electron micrographs (TEM) of 
h-Cs:WO3 nanocrystals in the shape of a) platelets, b) iso-prisms, and c) 
rods. The bottom right insets in a-c) are size distribution histograms for the 
average height (dark color bars) and width (light color bars) of nanocrystals. 
Average sizes are listed in Table 1. d-f) Powder x-ray diffraction (XRD) 
patterns for the h-Cs:WO3 nanocrystal samples corresponding to a-c). The 
insets in d-f) are high-resolution XRD patterns of the grey regions, 
containing the (002) and (020) peaks that exhibit size-dependent broadening 
corresponding, respectively, to the height and width of nanocrystals. g-h) 
Illustration of the h-Cs:WO3 lattice structure projection on g) basal plane 
and h) prismatic plane: Cs (gold), W (blue) and O (red). i) Schematic 
illustration of nanocrystal shape corresponding to a-c) showing the 
conventions used in this chapter. 
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Sample Peak Position (°) Area FWHM 
Crystallite 
Size (nm) 
aspect 
ratio 
Platelet (002) 23.29 2.69 1.60 10.32 0.32 
 
(111) 27.18 2.52 1.22 13.70  
 
(020) 27.78 3.12 0.54 32.27  
Iso-Prism (002) 23.30 2.78 1.04 14.99 0.87 
 
(111) 27.17 5.85 1.32 12.66  
 
(020) 27.79 10.91 0.92 18.42  
Rod (002) 23.26 3.00 0.70 24.09 1.69 
 
(111) 27.15 4.85 0.83 20.53  
 
(020) 27.84 15.16 1.18 14.21  
 
Sample a (Å) c (Å) 
Platelet 7.413 7.630 
Iso-prism 7.404 7.626 
Rod 7.387 7.630 
 Table 3.2 (Top) Fitting parameters and aspect ratio obtained by Scherrer 
analysis XRD pattern, (Bottom) Hexagonal phase lattice parameters 
obtained by Rietveld refinement. 
Nanocrystal 
Sample 
Size analysis by TEM Scherrer Analysis of XRD data 
Height (H) 
(nm) 
Width (W) 
(nm) 
Aspect 
Ratio (AR) Aspect Ratio (AR) 
Platelet 7.0±3.0 21.4±4.3 0.46±0.17 0.32 
Iso-prism 9.8±1.8 9.0±1.3 0.94±0.17 0.87 
Rod 11.3±3.0 4.5±1.5 2.10±0.44 1.69 
 Table 3.3 Nanocrystal dimensions obtained by analyzing TEM images and 
XRD patterns. 
 
The optical absorption spectra of the three representative colloidal samples vary 
systematically with AR (Figure 3.3a). The platelet spectrum (AR = 0.32) contains two 
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peaks- a high frequency peak (ωlsp1) at 14140 cm-1 and a low-frequency peak (ωlsp2) at 
6480 cm-1. The resulting peak separation (Δωlsp) of 7660 cm-1 is quite large. As AR 
increases, ωlsp1 redshifts while ωlsp2 blueshifts, resulting is a decrease in Δωlsp (orange 
and blue lines, green circles in Figure 3.3b). According to the established model for 
LSPR band-splitting developed in the context of classical metal nanoparticles226, ωlsp1 of 
the platelets is expected to be the longitudinal LSPR (out-of-plane) mode and ωlsp2 is to 
be the transverse (in-plane) mode. Assuming dielectric isotropy, as in conventional 
plasmonic metals, the two peaks are expected to coincide (Δωlsp = 0) when AR ≈ 1, and to 
crossover and separate once again when AR > 1 (blue stars in Figure 3.3b). Instead, we 
observe a striking deviation from this expectation, with Δωlsp continuously decreasing, 
without crossover, even as the AR increases to well over 1 (Figure 3.3a, green circles in 
Figure 3.3b). This result suggests that intrinsic crystalline anisotropy may strongly 
modify the expectations for LSPR of anisotropically shaped nanocrystals, even 
qualitatively changing the interpretation and assignment of multi-peaked spectra. 
According to the Drude model,  
                                       3.1 
dielectric permittivity (𝜖𝜖𝐷𝐷����⃗ ) and bulk plasma frequency (𝜔𝜔𝑝𝑝�����⃗ ) are determined by 
free carrier concentration (N), elementary electronic charge (e), the permittivity of free 
space (ε0), high frequency permittivity (𝜖𝜖∞�����⃗ ), damping (?⃗?𝛾), and electron effective mass 
(𝑚𝑚𝑒𝑒�����⃗ ), the last three of which can vary with direction in crystals with anisotropic 
structures. In case of bulk h-Cs:WO3, density functional theory calculations227 and 
reflection spectroscopic measurements223 have shown that 𝑚𝑚𝑒𝑒�����⃗ , 𝜖𝜖∞�����⃗  , ?⃗?𝛾 and  are all strongly 
dependent upon the lattice direction. In particular, the significantly lower me along the c-
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axis compared to that parallel to the basal plane results in the longitudinal ωp being 1.5 
times higher than the transverse ωp. LSPR of h-Cs:WO3 nanocrystals should accordingly 
exhibit a similar anisotropy in ωlsp in addition to the effect of shape anisotropy. The 
unexpected observation of a substantial peak splitting (Δωlsp = 4000 cm-1) when AR ≈ 1 
(Figure 3.3b) is thus a natural consequence of the strong crystalline anisotropy of h-
Cs:WO3. The revised calculation of Δωlsp vs. AR, employing an anisotropic 𝜔𝜔𝑝𝑝�����⃗ , (pink 
stars in Figure 3.3b) matches well with the experimental data (green circles in Figure 
3.3b). 
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Figure 3.3 LSPR of h-Cs:WO3 nanocrystals. a) Experimental optical absorption 
spectra of h-Cs:WO3 nanocrystal samples of platelets (green), iso-prisms 
(orange), and rods (blue) dispersed in tetrachloroethylene showing the 
aspect ratio-dependence of LSPR. b) Plot of LSPR peak splitting (Δωlsp) vs. 
particle aspect ratio obtained experimentally with synthesized nanocrystals 
(open circles) and by theoretical modeling assuming isotropic (blue stars) or 
anisotropic (Pink stars) dielectric functions. c) Theoretically simulated 
LSPR spectra for platelet-, iso-prism-, and rod-shaped nanocrystals (top to 
bottom) using the anisotropic dielectric function of h-Cs:WO3. Solid lines 
show the overall absorption profiles, summing one longitudinal mode 
(dashed lines) and two identical transverse modes (dotted lines). The insets 
show the simulated dipolar surface charge distributions at each peak 
frequency of the longitudinal and transverse modes. d) Color map of the 
simulated near field enhancement for a rod excited at the two LSPR peak 
frequencies.  
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Spectra of the cesium-doped tungsten oxide sample with a platelet shape 
(AR=0.32) show two absorption peaks. In order to validate that both of these peaks can 
be attributed to LSPR, we observed the shift in absorption peak position with change in 
solvent refractive index. LSPR absorption peaks are known to be sensitive to surrounding 
media, with LSPR red shifting linearly with increasing solvent refractive index, 
according to the following equation, 
                                       3.2 
Where 𝜆𝜆𝑝𝑝 plasma wavelength which is directly proportional to effective mass, n is 
the solvent refractive index and 𝜆𝜆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 is the LSPR wavelength. 
Optical spectra of the platelet sample were taken in hexane (n=1.37), chloroform 
(n=1.44), TCE (n=1.48) and toluene (n=1.50). Peak maxima (Figure 3.4) were found to 
shift linearly with solvent refractive index.  Moreover, it was seen that the high energy 
peak is less sensitive to change in dielectric medium compared to the low energy peak. 
This observation could be explained by looking at the plasmon sensitivity factor derived 
in literature which shows that sensitivity factor is directly proportional to plasma 
wavelength224. The dielectric function of hexagonal phase Cs:WO3 is anisotropic and the 
properties that carry this anisotropy are plasma wavelength and frequency via different 
effective masses.  It is evident that high energy plasmon peaks correspond to lower 
plasma wavelengths and low energy plasmon peaks correspond to high plasma 
wavelengths, and thus low energy peaks are more sensitive to environment compared to 
higher energy peaks.  This observation also supports our claim that the high energy peak 
corresponds to longitudinal plasmon excitation and the low energy peak corresponds to 
transverse plasmon excitation.  
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Figure 3.4  Low energy (Red) and high energy (black) peak position dependence on 
solvent refractive index.  
In order to theoretically investigate the implications of such an interplay of shape 
and crystalline anisotropies, electromagnetic field simulations were performed by setting 
anisotropic dielectric functions along different lattice directions and varying the AR of the 
nanocrystal (Figure 3.1). In the simulated LSPR spectra (Figure 3.3c) the longitudinal 
and transverse modes are visibly separated when AR = 0.32 and 0.87 and overlay only 
when AR = 1.69, which is in good agreement with the experimental data (Figure 3.3a).    
By contrast, simulated spectra for an isotropic dielectric function (Figure 3.5) exhibit two 
modes that overlap over the entire range of AR (from 0.2 to 1.8) due to smaller Δωlsp and 
that have strongly divergent peak intensities at low or high AR, yielding a single strong 
peak and a shoulder. These results confirm that crystalline anisotropy is a major 
contributor to the LSPR band-splitting and overall lineshape in h-Cs:WO3.  
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Figure 3.5   Comparison betweeen isotropic and anisotrpic crystal structure 
plasmon properties. a) Decovolution of isotropic spectra along different 
polarization directions and comparison with anisotropic dielectric function 
absorption spectra. b) Absorption spectra for hexagonal nanocrystal with 
different aspect ratios calculated with isotropic dielectric function. 
 
Studying the near field enhancement around plasmonic nanocrystals is essential to 
evaluate their potential applications in sensing, enhanced spectroscopy, and energy 
transfer processes. Equally important is to know how the surface charge is distributed on 
the nanocrystal for applications such as waveguides and optical tweezers. The 
deconvoluted spectra showing each LSPR mode (dashed and dotted lines in Figure 3.3c) 
and the surface charge distribution profiles reveal that each peak corresponds to a distinct 
dipolar mode (Figure 3.3c-insets and Figure 3.6).Surface charge distribution on a 
Cs:WO3 platelet nanocrystal was simulated for at peak absorption frequency and 
frequencies around it for both longitudinal and transverse polarizations. As frequency is 
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decreased, a shift of the resonance charge distribution was observed from faces to edges 
to corners (Figure 3.6) in accordance with the reported behavior in metal nanoparticles 228 
 and semiconductor nanocrystals lacking crystalline anisotropy219. The difference in h-
Cs:WO3 is the splitting of each geometric mode into two different frequencies for each 
polarization mode due to the anisotropic dielectric function. Each of these geometric 
modes contain a superposition of fundamental dipolar, quadrupole, and higher order 
eigenmodes. This split of geometric modes into polarization-dependent modes could 
potentially be leveraged in applications such as switchable optical tweezer or 
waveguides. 
 
Figure 3.6    Surface charge distribution at different frequencies under transverse (blue 
boxes) and longitudinal (red boxes) polarization. 
Furthermore, the near field intensity maps (Figure 3.7) illustrate that up to 400-
fold enhancement is achievable for both longitudinal and transverse modes in a given 
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anisotropic h-Cs:WO3 nanocrystal. This is a unique attribute of anisotropic crystalline 
hosts as isotropic hosts inevitably give rise to unbalanced field enhancement for the 
different modes. This balanced dual-mode LSPR property enables effective concentration 
of infrared light over a broad energy range and through a substantial region of space 
spanning all solid angles around the nanocrystal.  
 
 
Figure 3.7    Near field maps in 3D, top, and side views for a platelet, iso-prism and rod 
under different polarization illumination. 
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One can recognize that the experimental spectra (Figure 3.3a) are broader than the 
simulated ones (Figure 3.3c) and that the relative peak intensities are not precisely 
reproduced. A possible reason for these discrepancies is the polydispersity in the size and 
shape of nanocrystals that is obvious from TEM images (Figure 3.2a-c). Simulation 
parameters were thus adjusted to examine the validity of our model to describe these non-
ideal ensembles of nanocrystals. First, a Gaussian average of the nanocrystal AR (with 
fixed volume) was applied using the measured standard deviations from TEM (Table 
3.2), resulting in broadened LSPR spectra for all the three shapes (platelets, iso-prisms, 
rods) (Figure 3.8). It was also found that the longitudinal mode, corresponding to the 
lower me, varies non-linearly and more rapidly with changing AR in both intensity and 
peak position compared to the transverse mode, resulting in a higher relative intensity at 
the longitudinal peak (Figure 3.8). Second, the experimentally realized morphologies 
exhibit substantial “bites” taken out of the lateral facets, especially in the platelets. This 
morphology was mimicked by simulating the LSPR spectrum of a distinctively shaped 
platelet. Compared to the pristine shape, there was no noticeable change in the peak 
positions while a broadening of the transverse mode peak was observed (Figure 3.9). 
Therefore, the minor differences between experimental and simulated spectra can be 
accounted for by size and shape heterogeneity within each nanocrystal sample.  
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Figure 3.8   Gaussian broadning of plasmonic spectra. Dotted red and blue lines 
denote the aspect ratio dependent absorption spectrum under longitudinal 
and transverse polarization, respectively. Dashed red and blue line shows 
the Gaussian averaged spectra. The direction of the arrows in each of panel 
indicate the direction of increasing aspect ratio. All Gaussian parameters are 
obtained from TEM analysis with the mean deviation for each listed on the 
panels. Black spectra show the total ensemble calculated absorption spectra 
for platelets, iso-prisms and rods, which are broader than spectra calculated 
assuming monodisperse sizes.     
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Figure 3.9  Effect of distortion from perfect hexagonal pyramid (a, b) on absorption 
spectrum (c) under different incident polarization. 
Considering that post-synthetic modulation of LSPR is a key feature of plasmonic 
semiconductor nanocrystals, we sought to understand how shape and crystalline 
anisotropy influence the spectra evolution of h-Cs:WO3 nanocrystals subjected to 
oxidation and reduction. It is well-known that free carriers in vacancy doped tungsten 
oxides are highly sensitive to oxygen partial pressure, where high levels of atmospheric 
oxygen can drive the insertion of oxygen, thus diminishing the free electron population. 
This effect, usually limited to the near-surf56,229 ace regime in bulk materials, has been 
shown to overwhelm the entire volume of small WO3 nanocrystals, and therefore the 
LSPR may be greatly diminished in intensity in oxidative conditions.   
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Figure 3.10 Redox-mediated modulation of LSPR. a-b) Dynamic optical absorption 
spectra of h-Cs:WO3 platelets undergoing a) oxidation by exposure to air for 
up to 24 hours and b) reduction by incremental addition of hydrazine. c-d) 
Simulated evolution of LSPR for c) oxidation and d) reduction. e) The 
simulation was performed assuming oxidation proceeds by the growth of a 
fully oxidized shell with unchanged carrier density in the core, and 
reduction by the growth of fully reduced shell upon the previously oxidized 
volume. The inset in c) is a plot of the longitudinal mode peak intensity (red 
dots) and peak position (black squares) vs. unoxidized core volume during 
simulated oxidation, both showing approximately linear relationship. 
We tracked the oxidation-induced quenching and redshift of LSPR in h-Cs:WO3 
nanocrystals as a function of air exposure (Figure 3.10a). Moreover, by addition of 
hydrazine as a reducing agent, the oxidized nanocrystals could be reduced again, 
recovering the original line shape and peak positions (Figure 3.10b). The correlated 
response of the two peaks supports our description of the spectra as two distinct LSPR 
modes originating from the same free carriers; by contrast, if the two peaks reflected 
distinct electronic states they would have differing responses to the oxidation and 
reduction processes. The moderate peak shifts while the peak intensities are strongly 
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modulated are inconsistent with a homogeneous depletion of N (Figure 3.11a), but can be 
reproduced instead by assuming that oxidation proceeds from the surface. This was 
modeled by creating an oxidized, fully depleted shell and a shrinking core with 
unchanged carrier density, as depicted in Figure 3e. Similarly, the reduction process was 
modeled with a reduced shell growing progressively inwards from the surface (Figure 
3.10e). The simulated evolution of the LSPR spectra based on this redox mechanism 
(Figure 3.10c-d), in which peaks experience a moderate linear shift due to the dielectric 
environment imposed by the growing shell (Figure 3.10c-inset), is highly consistent with 
the experimental observations (Figure 3.10a-b).  Although the redox-mediated LSPR 
evolution in semiconductor nanocrystals has typically been described as a homogeneous 
modulation of N, our results suggest this model should be revisited to ensure a realistic 
view of the electronic changes within the nanocrystals that underlie observed LSPR 
modulation.  
 
Figure 3.11 a) Effect of free carrier density on absorption spectra, Inset: Change in peak 
position with free carrier density. b) Effect of volume decrease on plasmon 
absorption characteristics.  
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3.4 Conclusion 
To conclude, colloidally synthesized hexagonal phase Cs:WO3 nanocrystals 
exhibit strong aspect ratio-dependent LSPR absorption peaks that can only be explained 
via a cooperative influence of crystalline and shape anisotropies. This finding highlights 
the limitations of conventional treatments of LSPR that assume isotropic dielectric 
constants and attribute multimodal peaks uniquely to shape anisotropy effects. This 
understanding extends our ability to rationally tune LSPR lineshape and near-field 
enhancement via synthetic control of shape and crystalline anisotropies of semiconductor 
nanocrystals. Such control may prove useful by enhancing light-matter interactions 
across a broad spectral and spatial region, leading to the advances in developing 
switchable optical devices, sensors, and waveguides. In particular, the demonstrated 
multimodal LSPR with near-equal intensities of h-Cs:WO3 nanocrystals covers the near-
infrared (NIR) region of great importance in photonic, solar, and clinical applications 
while maintaining high visible transparency due to its wide band gap. Such an optical 
performance with the additional functionality of dynamic, reversible modulability is 
promising for sensing applications46 and for energy saving NIR-selective electrochromic 
windows49, which also motivates the additional study of the optical response of this 
doubly anisotropic nanomaterial to chemical or electrochemical stimuli.  
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Chapter 4 
Resonant Coupling between Molecular Vibrations and Localized 
Surface Plasmon Resonance of Faceted Metal Oxide Nanocrystals 
This chapter is adapted from the work “Ankit Agrawal, Ajay Singh, Sadegh 
Yazdi, Amita Singh, Gary K. Ong, Karen Bustillo, Robert W. Johns, Emilie Ringe, Delia 
J. Milliron. Resonant Coupling between Molecular Vibrations and Localized Surface 
Plasmon Resonance of Faceted Metal Oxide Nanocrystals.  Nano Lett., 2017, 17(4).”  My 
contribution to this work included the simulations and spectroscopy of metal oxide 
LSPR. 
 
4.1 Introduction  
Plasmonic nanocrystals (NCs) are promising optical elements for a wide variety 
of applications owing to their ability to enhance and localize electric fields at an interface 
at the nanoscale, well below the diffraction limit230. This enhanced electric near field can 
couple to other optical transitions such as excitons, vibrations and interband transitions to 
enhance the efficiency of various optical processes such as photoluminescence231,232, 
photon upconversion44,233,234, solar energy conversion235–237 and vibrational 
spectroscopy8,238,239. Specifically, coupling between localized surface plasmon 
resonances (LSPRs) and molecular vibrations can improve the sensitivity for detecting 
vibrational signatures, giving rise to techniques such as surface enhanced Raman 
spectroscopy (SERS)238,239 and surface enhanced infrared absorption spectroscopy 
(SEIRA)8,240.  SERS has been extensively studied using Au103,238 and Ag14 NC LSPRs 
which conveniently appear in the visible spectral region. To demonstrate SEIRA 
however, LSPRs must be located in the mid-IR which has been achieved primarily with 
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micron-scale lithographically deposited Au241,242, Ag243, and recently Sn:In2O38 
structures. While limited, this work on plasmonic metal oxide SEIRA8 has already 
suggested that metal oxide systems can exhibit significantly less long range coupling 
effects than classical metals, indicating that these materials can be organized or patterned 
at higher packing density to produce a higher spatial density of near field hot spots.  
To achieve a higher spatial density of hot spots, one approach is to utilize small 
colloidal NCs as has been demonstrated with Au nanoparticles for SERS applications. 
However, to access the mid-IR LSPR regime for SEIRA applications while preserving 
small NC sizes, we must consider plasmonic systems beyond that of Au and Ag. Recent 
development in colloidal metal oxide NC synthesis and doping have introduced a library 
of  plasmonic materials systems such as Sn:In2O328,101,244,245, In:CdO19,37,71, Al:ZnO32,246, 
etc. that exhibit LSPRs over the entire infrared region. These materials derive their 
plasmonic properties from degenerate doping and are therefore easily tuned to the desired 
resonance frequency (𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿) using ionizable defects such as oxygen vacancies and 
aliovalent dopants23,26,246, redox and photochemical charging47,90,247 or electrochemical 
modulation in NC films25,28,48,52. Furthermore, the optical properties of metal oxide NCs 
can be tuned separately from their morphology. This synthetic and post-synthetic 
tunability opens an opportunity to develop new high density, scalable and electrically 
tunable or chemically responsive SEIRA substrates for application such as molecular 
sensing and catalysis. However, this is contingent upon first understanding the coupling 
behavior between molecular vibrations and metal oxide NC LSPRs. Such phenomena 
have yet to be reported and are studied here by a combined experimental and theoretical 
approach.   
In general, coupled molecular vibration - LSPR systems can be modeled using a 
coupled harmonic oscillator system129,130,241,242,248, assuming the vibrational resonances 
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behave as Lorentzian resonators. This approach, as applied to a lithographically defined 
gold model system241, has shown that depending upon the relative cross sections for 
scattering and absorption, and relative resonance frequencies of the LSPR and vibrational 
resonances, coupling between the two resonances can lead to different Fano lineshapes in 
the vibrational spectrum ranging from enhanced absorption, to the more typical Fano 
derivative lineshape or induced transparency. However, for metal oxide systems, this 
response is expected to differ owing to plasmonic metal oxides being low loss materials 
that are semi-transparent in the IR. Furthermore, in the case of NC films, the interplay of 
size, shape, and arrangement in determining all the aforementioned optical parameters 
must be addressed. 
Coupling to vibrational modes is enabled by the concentration of IR light around 
a plasmonic nanostructure when molecules with resonant modes are present in the 
adjacent space. Qualitatively, the strength of light concentration adjacent to plasmonic 
nanostructures, or near field enhancement (NFE), depends upon many factors including 
carrier concentration37, electron scattering16,37,85,86,249, and corner sharpness8,16,26,37 
(shape). Higher NFE can even be obtained upon coupling plasmonic nanostructures, in 
narrow gaps between structures where these “hot spots” can exhibit at least an order of 
magnitude stronger electric fields compared to those surrounding isolated 
nanostructures250–252. Summarizing our current knowledge of how NFE could manifest in 
plasmonic metal oxide NC systems, we expect maximum NFE for systems with high 
carrier concentration but low carrier scattering combined with a shape with sharp edges, 
preferably assembled into an extended array, creating inter-NC hot spots. Having 
outlined these considerations, we synthesized cubic codoped Sn,F:In2O3 as an ideal 
model system to study the coupling behavior between a metal oxide NC LSPR and 
molecular vibrations, specifically the C-H vibrations of native oleate ligands.  
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In this work, we demonstrate that the NFE around doped indium oxide NCs is 
substantial and it facilitates coupling between NCs in self-assembled arrays, and further 
between NC LSPRs and molecular vibrations. Specifically, we share the synthetic 
protocol for variable-sized colloidal cubes of fluorine (F) and tin (Sn) co-doped In2O3 
(FITO), and characterize the presence and influence of the near field around these highly 
faceted NCs. Incorporation of F− dopant into Sn:In2O3 was found to yield more cubic 
NCs and to decrease electron scattering, which improves the quality factor of the LSPR 
compared to Sn:In2O3. We report the size dependent LSPR spectra of FITO, map the 
NFE around a single cubic NC via scanning tunneling electron microscopy-electron 
energy loss spectroscopy (STEM-EELS) and compare these results with far field and near 
field electromagnetic simulations. Interactions between LSPR modes of adjacent NCs in 
a chain and in a 2x2 array give rise to coupled modes that are mapped via EELS. 
Molecular vibrations, specifically C-H stretching modes of the surface-bound ligands, are 
shown to couple to the coupled LSPR modes in NC arrays. The dependence of coupling 
on the carrier concentration and NC size is apparent in systematic changes in the Fano 
lineshape observed by Fourier transform infrared spectroscopy (FTIR). The interpretation 
of these results is bolstered by modeling and electromagnetic simulations, which enables 
us to delineate the convoluted dependence of Fano lineshape on several parameters such 
as size of the NC, coupling strength, and LSPR frequency. For this purpose, temporal 
coupled mode theory (TCMT) was developed in this work as applied to a coupled system 
of metal oxide LSPRs and multiple molecular vibrational modes.  
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4.2 Methods 
4.2.1 Synthesis 
Indium (III) acetylacetonate (0.97 mmol), Tin (IV) fluoride (0.03 mmol—0.06 
mmol), Oleic acid (3.0 mmol), Tri-octylamine (8.0 mmol), Octylamine (3.0 mmol) were 
loaded in a 3-neck flask. This mixture was degassed at room temperature and 120 °C for 
15-30 min to form the indium oleate complex. After that the solution was ramped to 290-
310 °C under N2/Ar environment. When the temperature reached around 285-295 °C 
(depending on the dopant concentration), the reaction turns from a brownish-yellow to a 
deep blue/green color (depending on dopant concentration) indicating nanocrystal 
nucleation. The nanocrystals were further allowed to grow for 3-7 minute under heating. 
After that the reaction was cooled quickly and the nanocrystal are washed with a non-
polar/polar solvent mixture (Toluene/Ethanol) and further redispersed in toluene or 
tetrachlroethylene (TCE) for further characterization. Here, Fluorine not only caused the 
shape of the nanocrystal to be cubic, but also co-doped the In2O3 nanocrystal alongside 
Sn. Halogens have been used as shape directing agents previously in the colloidal 
synthesis of metal and semiconductor nanocrystals. 
4.2.2 FTIR spectroscopy 
Fourier transform infrared spectroscopy was performed using a Bruker Vertex 70 
FTIR. Solution ensemble measurements were performed using a FTIR liquid cell with a 
0.25 mm path length. Solid state measurement for LSPR-molecular vibration coupling 
experiments were done on CaF2 substrates in normal incidence geometry.  
4.2.3 Electron microscopy  
FITO nanocrystal were characterized by angular dark-filed scanning transmission 
electron microscopy (ADF-STEM) by using a FEI-TitanX, operated at 200kV. HRSTEM 
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images were acquired with the double aberration- corrected TEAM 0.5 microscope 
operated at 300kV. Low-resolution STEM and SEM images were obtained using a 
Hitachi S5500 scanning electron microscope operating in STEM mode at 30 kV 
accelerating voltage.  
4.2.4 X-ray diffraction (XRD) 
The sample for XRD analysis was prepared by drop-casting the as-synthesized 
FITO nanocrystal solution on a silicon substrate. XRD patterns were collected using a 
Rigaku MiniFlex 600 with a Cu Kα x-ray source, operating in Bragg-Bretano geometry.  
4.2.5 Isolated Nanocrystal Simulation 
Doped In2O3 nanocrystals with varying sizes designed using the design module in 
COMSOL.  The sharp cornered shapes were then rounded to depict a realistic shape as 
well as to ensure fast numerical convergence. These structures were then surrounded by a 
sphere representing the surrounding medium (i.e. tetrachloroethylene (n=1.475), which 
was used for all experimental measurements). This whole system was then surrounded by 
a perfect index matching layer which prevented unwanted reflections from the outside 
boundary. The maximum and minimum mesh size in the nanocrystal was set to 10 nm 
and 0.1 nm, respectively (Figure 4.1). This ensures fine meshing, yielding typically 2 
million degrees of freedom, which corresponds to 3 – 15 GB of RAM when using the 
direct PARDISO or MUMPS solver. Maxwell equation were solved in scattered field 
formulation with the background electric field propagating along Z axis and polarized 
along X axis.  
The dielectric function of Sn:In2O3 is described by a frequency dependent 
dielectric function, which was expressed using the Extended Drude model.  
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               4.1 
            4.2 
Dielectric parameters for ITO are used here were derived in our previous work77. 
To obtain the dielectric function of FITO, spectra of 20 nm cubes were fitted using Mie 
theory. This derived dielectric function was then iteratively modified computationally to 
match the simulated extinction spectrum with the experimentally obtained spectrum. The 
dielectric function obtained through the iterative process with 20 nm cubic nanocrystals 
was then used to calculate the optical properties of larger sized cubes and periodic 
assembled films. The dielectric functions used for both ITO and FITO are tabulated in the 
table below. 
 
 Plasma 
frequency, 
𝛚𝛚𝐩𝐩, 𝐜𝐜𝐜𝐜−𝟏𝟏 Low frequency damping, 𝜸𝜸𝑳𝑳, 𝐜𝐜𝐜𝐜−𝟏𝟏 High frequency damping, 
𝜸𝜸𝑯𝑯, 𝐜𝐜𝐜𝐜−𝟏𝟏 
Crossover 
frequency, 
𝜸𝜸𝑿𝑿, 𝐜𝐜𝐜𝐜−𝟏𝟏 Crossover width, 𝜸𝜸𝑾𝑾, 𝐜𝐜𝐜𝐜−𝟏𝟏 
ITO 16000 5000 200 4000 4000 
FITO 16000 2250 1500 4500 3000 
Table 4.1 Dielectric parameter for ITO and FITO metal oxides. 
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Figure 4.1   Geometry and Meshing. A rounded cube was designed using the Design 
module in COMSOL and was finely meshed to ensure convergence. 
4.2.6 Molecular vibration optical data 
Molecular vibrational modes were modelled as the sum of the contribution from 
indium oleate (80%) and octyl amine (20%) (Figure 4.2). The vibrational profile was 
modelled as the sum over several harmonic oscillators, each modelled as Lorentzian 
functions with strength A2, centered at 𝜔𝜔𝑣𝑣, and having line width, 𝛾𝛾𝑣𝑣. 
The overall dielectric function of such a system can be expressed based on 
Lorentian functions as,  
 
𝜖𝜖𝑣𝑣 = 1 − ∑ 𝐴𝐴𝑖𝑖2�𝜔𝜔2−𝜔𝜔𝑣𝑣,𝑖𝑖2 �−𝑖𝑖𝛾𝛾𝑣𝑣,𝑖𝑖𝜔𝜔𝑖𝑖               4.3 
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Table 4.2  Dielectric parameters for different molecular vibrations. 
 
 
Figure 4.2    Molecular vibration dielectric function. Vibrational extinction spectrum 
of a 80% oleic acid-20% indium oleate liquid mixture. This spectrum was 
decomposed into several primary molecular vibrations which were then used 
to formulate the dielectric function of molecular vibrations to be used in 
simulation and theory work. 
4.2.7 Electron Energy Loss Spectroscopy (EELS) 
EELS images were acquired at 80 keV in STEM mode in an FEI Titan Themis 
(S)TEM equipped with a monochromator, probe spherical aberration corrector and Gatan 
Numbe
r 
𝝎𝝎𝒗𝒗, vibration central frequency 
(cm-1) 
𝜸𝜸𝒗𝒗, line width (cm
-
1) 
A2, Vibration 
strength 
1 2794.97697 47.21519 0.01248 
2 2854.51954 15.5833 0.08256 
3 2872.69632 8.20294 0.01585 
4 2899.48843 24.2066 0.01547 
5 2927.97829 28.0525 0.15365 
6 2958.4874 15.94813 0.05625 
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Quantum ERS electron spectrometer. Zero loss peak (ZLP) full width at half maximum 
(FWHM) was measured to be 0.15±0.01 eV in the vacuum region, and the energy 
dispersion per channel and pixel dwell time were set to be 0.01 eV and 5 ms, 
respectively. For acquiring spectrum images, the 105 nm FITO nanocrystals were drop 
casted on 10 nm thick silicon nitride TEM grids from TEM windows 
(TEMwindows.com). The method of non-negative matrix factorization (NMF) was 
applied to the spectrum images in HYPERSPY (open source software available at 
hyperspy.com) for extracting LSPR peaks and their spatial distribution253. The number of 
spectral components is a user input in this method and can affect the identification of 
LSPR peaks and their spatial distribution. 
4.2.8 Periodic Boundary Simulation 
To simulate the LSPR – LSPR coupling and LSPR – vibration coupling in 
periodic arrays of NCs, the Maxwell equations were solved in full field mode. As 
illustrated in Figure S6, a monolayer of cubic NCs on a substrate was modeled using 
periodic boundary conditions in 2 dimensions. Nanocrystal LSPR is excited via normal 
incident light from Port 1 and transmitted light collected at Port 2. For size-dependent 
LSPR-LSPR coupling (Figure 4.3-left), interparticle spacing was kept constant (3 nm) 
while varying the size of the nanocrystals. In LSPR-vibration coupling simulations, the 
nanocrystals are surrounded by a 1.5 nm layer of oleic acid molecules (Red box in Figure 
4.3-right).  
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Figure 4.3  Periodic boundary simulation setup. LSPR-LSPR coupling study (left) 
computational setup where light is incident from port 1 and collected at port 
2. Periodic boundary conditions are applied in 2 dimensions to model a 
monolayer of assembled nanocrystal film (top). For the LSPR - vibration 
coupling simulation (Right) the nanocrystal is surrounded by a 1.5 nm thick 
layer of oleic acid molecules. 
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4.2.9 Temporal Coupled Mode Theory 
Both LSPR and molecular vibrations can be expressed as harmonic oscillators 
with corresponding resonance frequencies and decay rates. In a coupled LSPR-
vibrational mode system, the LSPR mode is excited via incident light and it is considered 
as a bright mode. To first approximation, the response of an uncoupled molecular 
vibration is very weak compared to that of the LSPR, so it is approximated as a dark 
mode in our system. Full derivation and method is described in Appendix 2  
4.3 Result and discussion  
Doped In2O3 NCs were synthesized using standard Schlenk line air-free colloidal 
synthesis techniques with a synthetic protocol based upon the decomposition of a metal 
oleate at high temperatures in an organic solvent and in the presence of mixed primary 
and tertiary amine to yield the metal oxide. In Figure 4.5 and 4.6, scanning transmission 
electron microscopy (STEM) of different sizes of doped In2O3 NCs are shown, 
illustrating the tight control on size (edge length) of the cubic FITO (Figure 4.5). The 
average size (20-120 nm) of the NCs can be tuned by varying the ratio of primary and 
tertiary amines and the growth time (See SI for details). X-ray diffraction (XRD) shows 
(Figure 4.6b) that FITO NCs possess the cubic bixbyite structure typical of In2O3, with a 
strong (100) texture arising from preferential orientation of nanocubes with their square 
faces lying flat on the substrate.   
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Figure 4.5   STEM imaging of FITO nanocrystals. a) Additional STEM images of the 
nanocrystals shown in figure 1 in main text i) 20 nm, ii) 40 nm, iii) 65 nm, 
iv) 105 nm. b) High Resolution TEM images of 40 nm cubes showing the 
single crystalline nature of each nanocrystal. 
The optical extinction spectra of the four representative samples as colloidal 
dispersions do not vary significantly with the size of the NCs (Figure 1c) because the 
NCs are isolated from one another. Note that the secondary peak at lower energy for the 
105 nm sample is due to coupling between NCs as a result of slight NC aggregation in 
tetrachloroethylene (TCE). These NCs are all sufficiently small that we expect the 
electric field inside the NCs to be largely size invariant per the quasi-static 
approximation1 that is valid for particle sizes well below the excitation wavelength (here, 
approximately 2500 nm). In electromagnetic simulations of the optical response (Figure 
S2 and S3), we found that in this size regime, absorption is dominant and size 
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independent, while scattering contributes little to the extinction spectra. However, NC 
size was found to strongly influence coupling, as discussed below.  
 
Figure 4.6   Characterization of FITO cubes.  a) STEM images of different sized cubic 
F, Sn- codoped In2O3 NCs with average size (edge length) of i) 20nm, ii) 40 
nm, iii) 65 nm, and iv) 105 nm. b) XRD pattern for 105 nm FITO cubes 
compared to the reference pattern for bixbyite In2O3. c) Optical spectra of 
different sized cubic dispersed in TCE. c), d) The fundamental modes are 
verified using optical simulation of an isolated FITO NC, which also 
suggests high NFE (shown on a log scale).    
Dopant type and distribution inside each NC can significantly impact LSPR 
spectra and near field properties. In the case of Sn:In2O3, carrier mobility and hence 
LSPR damping are substantially influenced by ionized impurity scattering at dopant sites 
and oxygen vacancy defects (SnIn∙  and VO∙∙  in Kröger-Vink notation). It was recently 
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shown that defect engineering by doping In2O3 NCs with cerium can greatly reduce 
dopant related ionized impurity scattering, but the achievable carrier concentrations were 
much lower than those attainable with tin doping16. Here, we have instead incorporated 
fluorine as a co-dopant with tin in the In2O3 NCs. Fluorine ions likely occupy oxygen 
sites (FO∙ ), contribute free electrons, and can decrease the oxygen vacancy concentration. 
Since the cross section for ionized impurity scattering is proportional to the square of 
ionic charge (Z2), FO∙  defects will scatter electrons more weakly than oxygen vacancies 
(VO∙∙) with the overall effect being that fluorine co-doping can reduce LSPR damping 
while maintaining a high carrier concentration. To understand the effect of fluorine 
incorporation on far field optical properties, the full-width half maximum (FWHM) of the 
LSPR was used to quantify damping. We compared the simulated extinction spectrum of 
FITO cubes (Figure 4.8), with that of Sn:In2O3 (ITO) cubes, using the same geometry for 
each (Figure 4.1) to isolate the impact of differences in scattering. The dielectric function 
of ITO was taken from previously published work77, while the FITO dielectric function 
was determined by fitting spectra of the 20 nm cubes reported here. The reduction of 
damping upon incorporation of fluorine is apparent in the narrower LSPR peak of the 
FITO cubes, as expected. The reduction of ionized impurity scattering in FITO also 
suggests that higher NFE may be achievable under resonant excitation of these NCs. 
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Figure 4.7    Size Dependent optical properties. Simulated size dependent normalized 
absorption (a), normalized scattering (b), and normalized extinction (c) 
spectra. As the size of the nanocrystals is very small compared to the 
wavelength of light, under the quasi-static limit extinction should not have 
any size dependence. This behavior is reflected well in the absorption and 
extinction spectra. At such a small sizes, scattering is expected to be very 
small compared to absorption. This is well reflected in the intensities of the 
peak absorption and scattering for all sizes as plotted in d). 
The optical spectra (Figure 1c) reflect the convolution of three fundamental 
geometric eigenmodes, i.e. corner, edge, and face-centered modes from low to higher 
energy, respectively. Simulated surface charge maps of a 20 nm and 100nm  FITO NC 
under excitation at different energies, (Figure 4.6d and 4.9), show that all the geometrical 
modes are of dipolar nature. The NFE maps (Figure 4.6d-bottom) show that the sharp 
edges and reduced ionized impurity scattering in FITO results into larger NFE (>400) 
than previously reported values for spherical (~10)44 and rod-like ITO (150-160)8. 
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Figure 4.8    Comparing ITO cubes with FITO cubes. Due to lower electron scattering 
in FITO compared to ITO nanocrystals, the simulated absorption spectrum 
of an FITO cube (blue) has a smaller FWHM compared to the simulated 
spectrum of an ITO cube (red).  
 
 
Figure 4.9    LSPR modes for a 100 nm cube. These mode profiles are very similar to 
those of the 20 nm nanocube. This further confirms our hypothesis that in 
the size range studied (20 -100 nm) we are still under the quasi-static limit 
leading to no size dependence.  
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To observe the expected LSPR modes experimentally, we mapped the plasmon-
induced near field properties of FITO cubes with high spatial resolution using 
monochromated STEM-EELS (zero-loss peak FWHM of 0.15 eV), performed in an FEI 
Titan Themis3 equipped with a Gatan Quantum ERS electron spectrometer. To extract the 
LSPRs’ spatial and spectral distribution, the global fitting technique of non-negative 
matrix factorization (NMF)253–259 was applied to the recorded spectrum images (Figure 
4.10a and 4.11).  Figure 4.10b shows the three distinct LSPR modes at (0.62 eV/5000 cm-
1, 0.73 eV/5888 cm-1, 0.85 eV/6855 cm-1) of a single FITO cube on a 10 nm thick SiN 
substrate. Even though the excitation mechanism in experimental EELS and optical 
simulation are different (electrons and photons, respectively), the plasmon peak energies 
in the EEL spectra are similar to that obtained via experimental FTIR and simulated 
spectra. EEL spectra thereby verify the presence of different geometric modes (Figure 
4.10b) in metal oxide NCs, in good agreement with the simulated near field map (Figure 
4.6b). In agreement with current and previous simulations255, these EELS maps are the 
first direct evidence establishing that plasmonic metal oxide NCs exhibit near field modes 
similar to those in faceted gold and silver nanoparticles, which have been the key to 
developing numerous applications of  plasmonic materials.  
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Figure 4.10 EELS map of isolated FITO nanocrystal. (a) Systematic study of the 
effect of the number of components on NMF analysis for the single FITO 
nanocube in Figure 2a. Decomposing the spectrum image using 5 
components results in the corner, edge and face geometrical LSPR 
eigenmodes at 0.62 eV, 0.73 eV and 0.85 eV, respectively.  Although the 
appearance of 0.46 eV peak at the cube corners for NMF analysis with 
larger than 5 spectral components suggests the presence of an LSPR peak at 
0.46 eV, its contribution to the spectrum is not significant. The amount of 
shift in the peak position by increasing the number of spectral components is 
negligible. (b) 
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Figure 4.11 NMF decomposition of EELS spectrum of isolated FITO nanocrystal. 
Spectral components for NMF analysis with 4, 5, 6, and 7 components and 
comparison of corresponding fitted spectrum with as-acquired spectrum at 
position p1, marked on the inset HAADF-STEM image, for each sets of 
components. 
Assembling NCs into extended structures leads to LSPR modes arising from NC-
NC coupling, which causes both more intense and a higher density of near field 
hotspots250,260,261. Recently, Kuznetsov262 demonstrated computationally that although 
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individual metal oxide NCs have weaker NFE than metal nanoparticles, due to higher 
spatial hot spot density coupled metal oxide structures have higher volumetrically 
average NFE than similar metallic nanostructures. We examined the LSPR coupling of 
FITO NCs, first by mapping the LSPR modes of small NC clusters on SiN substrates and 
then by extending our study to mesoscale film of self-assembled NCs. The LSPR modes 
of both a linear chain of three NCs and a 2×2 square array of NC cubes were observed by 
EELS (Figure 4.12-4.15). In both cases, the lowest energy modes spanned the cluster as a 
single entity and shifts towards lower energy compared to isolated NC due to strong 
LSPR-LSPR coupling (Figure 4.12b and 4.14b). For instance, in the linear structure, the 
modes at 0.43 ev/3468 cm-1 and 0.68 eV/5484 cm-1, respectively, are localized at the 
geometrical corners and edges of the overall chain structure. Similarly, for the 2×2 
structure, the mode at 0.57 eV/4597 cm-1 is localized at the corners of the overall 
structure. Prior literature253,255,263 on plasmon coupling in clusters of Au nanoparticles has 
shown that for closely spaced particles, clusters of NCs behave as a single entity with 
LSPR modes that extend across the overall structure. Since our system of 105 nm cubes 
had an average 3 nm face to face separation due to surface bound ligands, which is very 
small compared to the size of the NC, our observation appears consistent with this 
expectation. However, alongside the expected assembly-spanning modes, we also 
observed localized internal modes such as one at 0.8 eV, which produces a hot spot 
localized at the center of the (2x2) array. Overall, the EELS maps of these NC clusters 
prove that coupled and individual metal oxide NCs support the formation of LSPR modes 
and hot spots, just as for noble metals, so these materials offer a new alternative for 
applications based on near field enhancement of infrared light. 
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Figure 4.12 EELS map of 1D chain of FITO nanocrystal (a) Systematic study of the 
effect of the number of components on NMF analysis for the 1D chain of 
FITO nanocubes in Figures 2b. The change in the peak position and spatial 
distribution of LSPRs with the number of spectral components is negligible. 
All LSPR peaks are extracted with the choice of 6 or 7 components in NMF 
analysis. (b) 
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Figure 4.13 NMF decomposition of EELS spectrum of 1D chain of  FITO 
nanocrystals. Spectral components for NMF analysis with 4, 5, 6, and 7 
components and comparison of corresponding fitted spectrum with as-
acquired spectrum at position p1, marked with a yellow circle on the inset 
HAADF-STEM image, for each sets of components.  
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Figure 4.14  EELS map of 2D cluster of FITO nanocrystal (a) Systematic study of the 
effect of the number of components on NMF analysis for the 2×2 array of 
FITO nanocubes in Figure 2c. The change in the peak position and spatial 
distribution of LSPRs with the number of spectral components is negligible. 
All LSPR peaks are extracted with the choice of 6 or 7 components in NMF 
analysis. (b) 
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Figure 4.15 NMF decomposition of EELS spectrum of 2D cluster of FITO 
nanocrystal. Spectral components for NMF analysis with 4, 5, 6, and 7 
components and comparison of corresponding fitted spectrum with as-
acquired spectrum at position p1, marked with a yellow circle on the inset 
HAADF-STEM image, for each sets of components. 
For SEIRA in particular, maximizing the effective optical density of a molecular 
vibration is desired, which is best achieved by assembling NCs over a large substrate area 
to create a high density of hot spots with strong NFE. Extended close-packed assemblies 
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of FITO cubes were prepared by drop casting NC solutions on a CaF2 substrates and 
drying slowly to yield close-packed layers (Figure 4.16a). 
 
Figure 4.16 Optical properties of coupled NC assemblies. a) Scanning electron 
microscopy (SEM) image of a slowly dried drop cast film of 105 nm FITO 
NCs. b) Simulated extinction spectra of periodic monolayer film of closed 
packed FITO NCs of different sizes. The distance (d) between the NCs was 
kept fixed while changing their size (a). As the size increases, the ratio 
R=d/a decreases, resulting in stronger LSPR-LSPR coupling; increased 
coupling shifts the LSPR towards lower energy. c) Simulated reflection, 
transmission and absorption spectra of a 40 nm NC assembly. d) Simulated 
NFE map at the extinction peak for a 105 nm NC assembly with light 
polarized laterally. Formation of hot spots in between the NCs leads to an 
order of magnitude increase in NFE compared to an isolated NC. e) The 
ratio of absorption to reflection decreases (red line) and maximum NFE 
increases (black line) with the increasing size. 
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 The optical response of extended arrays of FITO cubes was simulated for each 
sample size and then compared to the experimental spectra. The simulation employs 
periodic boundary conditions in two dimensions for a monolayer of NCs on a CaF2 
substrate to approximate the experimental conditions (Figure 4.3). Spectra were 
calculated using the COMSOL wave optics module while varying the size of the NCs 
keeping the interparticle distance constant. As the ratio (R=d/a) between inter-particle 
distance (d) and NC size (a) decreases, coupling between the LSPR of neighboring NCs 
becomes stronger, resulting in a redshift of the LSPR in the extinction spectrum toward 
lower energy (Figure 4.16b). In the experimental extinction spectra, a similar trend is 
observed as NC size increases (Figure 4.17). This result demonstrates that in contrast to 
size independent optical extinction in solution where the interparticle coupling is very 
weak; in assembled films, the size of the NCs governs the extent of LSPR-LSPR 
coupling. Moreover, at first look, the decrease in transmittance for larger NCs could be 
rationalized by an increase in the amount of material in a NC monolayer. However, a 
closer view of the simulation results shows that losses due to both reflection and 
absorption contribute to this change in the extinction (Figure 4.16c). As R decreases, the 
effective refractive index approaches that of continuous TCO film and the larger NC 
films are substantially reflective. In the simulated spectra, the LSPR absorbance and 
reflectance redshift as R decreases, while the reflectance monotonically increases in 
intensity (Figure 4.18). The absorption is predicted to peak at around 40% of the incident 
light for 40 nm NC (Figure 4.18).  
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Figure 4.17  Peak position in wavenumbers from extinction spectra of close packed cubic 
FITO NC films. LSPR coupling between the nanocrystals strengthens as the 
size of the nanocrystals increases thereby red shifting the LSPR.  
 
 
 
Figure 4.18  Simulated spectra of periodic nanocrystal film. Simulated transmission 
(a), absorption (b) and reflection (c) spectra of a 2-D periodic structure of 
different sized FITO NCs. 
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Simulations of the NFE of infrared light at the energy where extinction is 
strongest show that the strongest enhancement is in hot spots between assembled NCs 
(Figure 4.16d). As R decreases, the NFE increases (Figure 4.16e-black). The influence of 
NC size on LSPR-LSPR coupling in films is an increase in reflection intensity compared 
to absorption intensity at larger sizes, and increased near field coupling as NC size 
increases (Figure 4.16e). Next, we will examine the influence of both of these factors on 
coupling between the LSPR of assembled NC films and the vibrational resonance of C-H 
bonds in adsorbed molecules. 
Coupling between relatively broad plasmonic resonances and sharp vibrational 
resonances of molecular bonds can result in Fano-type interference as well as plasmon-
induced transparency or plasmon-enhanced absorption129,130,241. Such resonant coupling 
effects have been studied using 2D-graphene structures264, gold nanorods241 and other 
metallic structures265,266 with infrared resonances. In most of these previous studies, a 
reflective gold substrate is used and spectra are collected in reflection geometry. For the 
plasmonic system consisting of gold nanorods separated from a gold substrate by a thin 
layer of PMMA, Altug et.al.241 observed that if the LSPR frequency is resonant with the 
molecular vibration frequency, the coupling behavior between them qualitatively changes 
depending upon the ratio of plasmon decay rate to scattering and absorption. If this ratio 
is less than one, coupling gives rise to plasmon-induced transparency of the vibrational 
signal and if it is greater than one, enhanced absorption is observed. In related works, 
Altug et.al.129,130 and Shvet et.al.242 have shown that off resonant coupling results in a 
Fano-like derivative line shape. All of these observations can be rationalized using 
coupled harmonic oscillators as a model of TCMT241,242,267 (Figure 4.19 a,b).  
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Figure 4.19  Plasmon – Vibrational Mode Coupling: a) Schematic depicting the 
interaction between the incident light (s1+) and periodic film of cubic NCs 
with the coupling constant ( ). Plasmon excitation decays through both 
radiative and non-radiative pathways. It couples with reflected and 
transmitted light at plasmon decay rate 𝛾𝛾𝑟𝑟 and 𝛾𝛾𝑡𝑡, respectively. The non-
radiative decay rate (𝛾𝛾𝐼𝐼𝑟𝑟) determines the absorption in the film. b) 
Schematic illustrates the coupling between LSPR and vibrational resonance, 
describing both as harmonic oscillator. c) Measured extinction spectrum of a 
film of 20 nm ligand capped NCs. Inset: Zoom in on the coupling zone 
showing the Fano resonant coupling signature d) Left Panel - Background 
subtracted vibrational signal changes from plasmon induced transparency to 
Fano interference with increase in detuning between the LSPR and the 
vibrational resonances. The NCs were 20 nm in all cases. Right Panel - 
Simulation of transmittance for periodic structures of ligand bound NCs 
reproduces the same coupling behavior as observed in experimental spectra. 
e) Left Panel - Coupling between different sized NCs in a film with 
vibrational resonance changes from Fano resonance for 20 nm to plasmon-
induced transparency for larger sizes. Right Panel – Simulation of 
transmittance for periodic structures of ligand-bounded NCs of different size 
with fixed inter-particle distance reproduces the observed behavior. 
 123 
Here, we have studied the coupling between semi-transparent (in the IR spectral 
range) films of 20 nm FITO NCs on CaF2 substrates and different C-H stretching modes 
of NC-bound oleate molecules, which are sharp resonances in the range of (2800-
3100 cm-1) (Figure 4.20). Oleic acid is bound to the NC surfaces during colloidal 
synthesis and a monolayer remains adsorbed following isolation of the NCs, which 
allows us to prepare thin films from solvent dispersions. FTIR transmission spectra are 
recorded at a perpendicular angle of incidence relative to the substrate and reported as 
extinction (Figure 4.19c). The oleic acid vibrational signature is observed on top of an 
intense LSPR signal (Figure 4.19c, inset). To isolate the vibration signal and investigate 
coupling between the resonators, the transmittance was divided by a polynomial fit to the 
plasmon line shape (Figure 4.19c, red). The derivative shape of the vibrational signal is 
Fano-like and indicative of coupling. Hence, we anticipate dependence of this lineshape 
on two main parameters, namely the NC size and the detuning of the LSPR frequency 
with respect to the vibrational resonance (∆𝜔𝜔 = 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝜔𝜔𝑣𝑣𝑖𝑖𝑖𝑖,𝑎𝑎𝑣𝑣𝑎𝑎).  
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Figure 4.20  Effect of doping on coupling between NCs and ligand vibrations. 
Experimental spectra (left) of ligand coated nanocrystal films show the Fano 
resonance interference signature on top of the broad LSPR peak. As the 
average vibrational resonance frequency shifts red of the LSPR frequency, 
the coupling behavior changes from an LSPR-induced dip to derivative-like 
Fano resonance. This coupling behavior was reproduced in periodic 
structure simulations (right).  
To examine the spectral changes induced by detuning, we varied the LSPR 
frequency by synthetically changing the tin dopant concentration in 20 nm NCs. As the 
free electron concentration increases with doping, the LSPR peak shifts from lower to 
higher energy relative to the vibrational resonance (Figure 4.20 and Figure 4.19d). For 
the lowest energy LSPR, each vibrational band appears as a dip in extinction, indicating 
plasmon-induced transparency, while for higher energy LSPR the asymmetric Fano-like 
lineshape appears. This indicates that indeed, the FITO LSPR is coupling to the oleic acid 
molecular vibrations. We compare this trend to numerical simulations of the coupled 
optical response (Figure 4.20 and Figure 4.19d). In the numerical simulation, a two-
dimensional periodic structure consisting of a monolayer of ligand coated 20 nm NCs 
was excited at normal incidence. The simulated extinction spectra were background 
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subtracted in the same way as the experimental spectra to obtain the vibration signature. 
The LSPRs in the simulations were chosen to match the range of experimental detuning. 
The simulated spectral profiles matched the experimental results, although the strength of 
the vibrational signals seems to be over-estimated by the simulations, which will be 
discussed below. The variations in vibrational lineshapes resulting from LSPR-
vibrational coupling are attributed to changes in frequency detuning since we do not 
expect substantial differences in NFE or relative value of reflection to absorption over 
this narrow energy range. 
 
 
Figure 4.21  Effect of size of NCs on coupling between NCs and ligand vibrations. 
Experimental spectra of monolayers of close packed ligand coated 
nanocrystals. Coupling signatures on top of broad LSPR peaks show strong 
size dependence. This behavior is in agreement with modeled extinction 
spectra (right).  
We expect NC size to alter the observed vibrational lineshape owing to its 
influence on far field reflection, transmission and absorption in organized NC films. As 
observed, the vibrational signal has a Fano-like line shape for a film of 20 nm NCs, 
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which evolves towards plasmon-induced transparency for 40 nm, 65 nm, and 105 nm 
NCs due to a progressive red shift of the plasmon resonance from positive to negative 
detuning with increasing size, due to stronger LSPR-LSPR coupling of larger NCs 
(Figure 4.21, Figure 4.19e). These trends are counterintuitive relative to the 
understanding outlined in literature regarding LSPR in conventional metal 
nanostructures. From prior literature on coupling in classical metal plasmonic 
systems130,241, we expect a recovery of an asymmetric Fano lineshape once the LSPR 
frequency is red-shifted away from the molecular vibration, such as the case of 65 nm 
and 100 nm NC films. Indeed, as explained earlier, the derivative-like Fano lineshape did 
appear when we detuned the LSPR by varying doping (at constant 20 nm size). This 
contrast between the size dependence and dopant dependence on the lineshape suggests 
that some other size-dependent properties of the NCs, rather than only detuning are 
responsible for the persistence of the plasmon-induced transparency in the self-assembled 
films of larger NCs. A closer analysis utilizing numerical simulation is required to 
explain the trends and is discussed below.  
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Figure 4.22  Vibration coupling signature in in different optical decay pathways. 
Coupling signatures differ in reflection, transmission and absorption spectra 
for all sizes of nanocrystals. It depends upon the relative LSPR decay rates 
through respective processes. 
Energy stored in a resonant process like an LSPR gets dissipated to its 
surrounding via both radiative and non-radiative processes. Here, in the case of a periodic 
film, the available non-radiative channel would be absorption and the radiative channels 
would include both reflection and transmission. In a coupled resonance system, coupling 
would be exhibited differently in each decay channel. As expected, simulations show that 
the signatures of coupling in absorption, reflection and transmission differ from each 
other and depend strongly on the size of the NCs (Figure 4.22). Background subtracted 
molecular vibration spectra (Figure 4.23) show that with increasing NC size, the coupling 
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profile in absorption spectra changes from asymmetric Fano-like resonance (20 nm) to a 
complete induced transparency (40 nm) and then to enhanced absorption (65 nm and 105 
nm). In contrast, the reflection spectra always show a plasmon-induced transparency 
irrespective of NC size. So, as the relative contributions of reflection and absorption to 
the measured transmittance spectra change with NC size, the lineshape changes from 
asymmetric (20 and 40 nm) to a plasmon-induced transparency (65 and 100 nm). For 20 
nm NC films (for all dopant concentrations), where absorption is dominant over 
reflection, the absorption spectrum determines the shape of the vibrational resonances in 
extinction spectra. At the other size extreme, in a 100 nm NC film, it is the vibrational 
signature in reflection that is dominant in the extinction spectrum. Simulated near field 
maps also show that even though there is higher NFE at the peak LSPR energy with 
increasing size, the NFE decreases at the actual vibration frequency (2850 cm-1) (Figure 
4.24) because the detuning between the LSPR and vibration increases as the larger NCs 
couple more to each other. This trend explains our observation of a decrease in 
vibrational signal strength with increasing NC size. That said, the trends in vibrational 
lineshape observed here differ from those in the literature on classical metal systems. To 
understand this behavior in greater depth, taking inspiration from the works of Altug 
et.al.241, Haus et.al.268 and Fan et. al.267,269, we developed a theoretical model to further 
explain our results. 
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Figure 4.23  Background subtracted simulated vibrational signals in different decay 
pathways. Background subtracted simulated reflectance (red), absorption 
(yellow) and transmission (blue) spectra showing the dependence of 
lineshape of molecular vibrations on the size of the nanocrystals.  
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Figure 4.24  Volume average electric field enhancement at average vibrational 
frequency (2900 cm-1) (blue-right) and ligand volume fraction as a 
function of the size of the NC (red-left). Although, these two trends runs 
counter to each other, the product of the two quantities (green-left) 
effectively determines the intensity of the coupled molecular vibration 
signal.  
TCMT analysis used previously to rationalize coupling effects in plasmonic 
systems based on classical metals cannot be directly applied as it assumes only one 
optical port with incident and reflected light. For semi-transparent (in the IR range) metal 
oxide films, we need to consider all three components of electromagnetic waves, that is, 
reflected, transmitted, and absorbed light. With this consideration, we developed a 
theoretical model to explain the optical properties using two port coupled mode theory.  
 
As shown schematically in Figure 4.19a, the plasmonic resonators are coupled to 
incident (s1+) and reflected (s1-) light through port 1, and transmitted light (s2-) through 
port 2, where the +/- sign signifies an incoming or outgoing wave. LSPR and vibrational 
resonators are modeled as simple harmonic oscillators. Energy exchange between these 
resonators occurs due to interaction between the LSPR-induced near field and the 
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vibrational oscillators with a magnitude determined by the coupling rate, 𝜇𝜇. This coupled 
harmonic oscillator system is represented as,  
 
                                   4.1 
                  4.2 
Where, in equation 4.1, |𝜙𝜙(𝑡𝑡)|2 is the energy stored in LSPR resonator, 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 is LSPR 
frequency of the resonator, 𝛾𝛾𝑟𝑟 is the energy loss rate in reflection, 𝛾𝛾𝑡𝑡 is the energy loss 
rate in transmission, 𝛾𝛾𝐼𝐼𝑟𝑟 is non-radiative energy loss rate, 𝜅𝜅1 is the coupling coefficient to 
incoming light s1+, and 𝜇𝜇𝑖𝑖 is the coupling coefficient to ith vibration resonance, Pi. In 
equation 4.2, |𝑃𝑃𝑖𝑖(𝑡𝑡)|2is the energy stored in the ith vibration resonance, 𝜔𝜔𝑣𝑣𝑖𝑖  and 𝛾𝛾𝑣𝑣𝑖𝑖 are the 
central frequency and linewidth of ith vibrational resonance, respectively.  
The energy balance between incoming and outgoing waves is represented by, 
                             4.3 
 
where C is the non-resonant scattering matrix and K is [(2𝛾𝛾𝑟𝑟)12 (2𝛾𝛾𝑡𝑡)12 ]𝑇𝑇.  
These equations can then be simplified (For the detailed mathematical derivation, 
see section S6 in SI) to derive transmission and reflection intensity as, 
 
           4.4 
 
                4.5 
where, tD and r1 are non-resonant transmission and reflection, 𝛾𝛾𝑡𝑡𝑜𝑜𝑡𝑡 is the net 
plasmon loss which equals 𝛾𝛾𝑟𝑟 + 𝛾𝛾𝑡𝑡 + 𝛾𝛾𝐼𝐼𝑟𝑟, 𝜃𝜃 is transmission phase, 𝜃𝜃1 is reflection phase, 
𝛾𝛾𝜇𝜇
𝑖𝑖  and 𝜔𝜔𝜇𝜇𝑖𝑖  expressed as  
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              4.7   
 
 
Figure 4.25  TCMT size dependence. Using the electric field enhancement and decay 
rates from the modeling, TCMT qualitatively predicts the size dependence 
following the trends seen from computational and experimental results. 
Theoretical reflection (red), absorption (yellow) and transmission (blue) 
spectra show the dependence of lineshape of molecular vibrations on the 
size of the nanocrystals.  
Applying TCMT (Equation 4.4, 4.5 and Figure 4.25), the lineshapes of the 
vibrational signal in reflection, transmission and absorption spectra agree between our 
experimental and modeling results. Derived Reflection and Transmission equations 
(Equation 4.4 and 4.5), were used to deconvolute the effect of various contributing 
factors such as plasmon resonance energy decay rates in reflection (𝛾𝛾𝑟𝑟), transmission (𝛾𝛾𝑡𝑡) 
and absorption (𝛾𝛾𝐼𝐼𝑟𝑟) as well as LSPR frequency and coupling constant (𝜇𝜇), in 
determining the lineshape of the coupled vibrational signals. The sensitivity of the 
coupled vibrational signal lineshape to each of the factors was determined by changing 
one parameter at a time while keeping all others fixed. Our results show that as we 
increase 𝛾𝛾𝑡𝑡, the coupled vibration signal intensity increases with no change in the 
lineshape of either the reflection or transmission spectrum (Figure 4.26). Similar behavior 
was observed when only 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (Figure 4.27) or 𝜇𝜇 (Figure 4.28) were changed. These 
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trends suggest that the change in vibrational lineshape with increasing NC size is due to 
the synergistic effects of simultaneous changes in decay rates (𝛾𝛾𝑟𝑟 , 𝛾𝛾𝑎𝑎, and 𝛾𝛾𝑡𝑡). To verify 
this hypothesis, the impact of simultaneous changes in relative decay rates 𝛾𝛾𝑟𝑟/𝛾𝛾𝑡𝑡 and 
𝛾𝛾𝑎𝑎/𝛾𝛾𝑡𝑡 while keeping other parameters such as 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and NFE fixed was examined. This 
prediction was done for 20 nm and 65 nm NC films, where the differences in decay rates 
were maximized. The results of this theoretical prediction reproduced the similar 
coupling lineshapes as observed in experiments with some difference in signal intensity 
(Figure 4.29). This conclusively shows that the vibrational lineshapes are governed by the 
plasmon decay dynamics. The relative decay rates 𝛾𝛾𝑟𝑟/𝛾𝛾𝑡𝑡 and 𝛾𝛾𝑎𝑎/𝛾𝛾𝑡𝑡 determine the Fano 
lineshapes of coupled vibrational-LSPR spectra and vibrational signal intensity is 
determined by several factors such as 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, NFE, and ligand volume fraction. Our 
experimental observations, unraveled by both simulations and TCMT, indicate that for 
semi-transparent metal oxide NC films, coupling between the LSPR and molecular 
vibrations depends not only on the NFE; it also depends on the relative far field 
resonance decay rates in reflection, transmission and absorption spectrum. For 
applications such as SEIRA, sensing, or catalysis, where it is crucial to maximize the 
interaction between the LSPR and the vibrational resonance, thinking of the system as a 
whole is crucial. Not only the NC properties matter, but how they are arranged impacts 
the coupling interactions achievable in the system. Since size and shape impact self-
assembly in NC systems changing one must account for how they impact the final 
coupled NC spectral properties, which can be strongly dependent on the assembled 
mesoscale structure.  
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Figure 4.26  Transmission decay rate parametric study. Keeping total decay rate and 
relative decay rate in reflection and transmission as well as all other 
coupling variables constant and the same as those from simulation of a 20 
nm NC periodic film, changes in transmission decay rate do not change the 
lineshape of molecular vibrations over the LSPR resonance in any of the 
reflection, transmission, or absorption spectra. Changes in transmission 
decay rate do change the intensity of the vibrational signal. 
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Figure 4.27 LSPR frequency parametric study. Keeping all the decay rates and other 
coupling variables constant and the same as those from the simulation of a 
20 nm NC periodic film, changes in LSPR frequency also do not change the 
lineshape of molecular vibrations over the plasmon resonance in any of the 
reflection, transmission, or absorption spectra. Change in LSPR frequency 
do change the intensity of the vibrational signal. 
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Figure 4.28 Electric field enhancement parametric study. Keeping all decay rates and 
LSPR frequency constant and the same as those from simulation of a 65 nm 
NC periodic film, changes in electric field enhancement (equivalently 
coupling strength, 𝜇𝜇 ) changes the intensity of vibrational signal. Similar 
trend was also observed for 20nm NC periodic film.  
 
 
 
 137 
 
 
Figure 4.29  Simultaneous decay rate dictates the coupled signature lineshape. Using 
the decay rates obtained from simulation for 20 nm and 65 nm NC films, 
and keeping all the other parameters the same as those for the 20 nm case, 
molecular vibration lineshape remains the same as the case in Figure 4.24. 
The only change here is in the intensity of the molecular vibration signal in 
the left figure, due to the higher spatially averaged electric field 
enhancement in the 20 nm case. 
4.4 Conclusion 
In conclusion, we discerned the nature of coupling between molecular vibrational 
modes of the native ligands and metal oxide plasmonic NCs. This was achieved by using 
colloidially synthesized F-Sn co-doped In2O3 cubic NCs of variable size (20-110 nm), 
which enabled efficient localization of electric fields around the NCs due to low ionized 
impurity scattering. This study highlights that an innovative synthetic strategy such as co-
doping can substantially improve the quality factor of metal oxide NCs, providing a 
favorable alternative to metallic systems. Using EELS, we experimentally mapped the 
fundamental geometrical LSPR modes in single NCs as well as in small NC clusters, 
which were previously hypothesized to exist in computational studies. Exploiting the 
promising NFE properties, these materials were employed to demonstrate and understand 
the nature of plasmon-molecular vibration coupling for metal oxide systems. Specifically, 
we investigated the coupling between C-H stretches of native oleate ligands and NC films 
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and showed that the Fano lineshape is highly dependent upon the optical decay rates of 
available pathways, i.e., reflection, transmission and absorption. This finding is contrary 
to the popular belief that NFE and optical detuning are the sole factors governing the 
coupling signature of the interaction between an LSPR and molecular vibrations. 
Furthermore, the computational model and theoretical TCMT as applied to metal oxide 
systems developed in this work could be easily extended to other material systems and 
will facilitate the study of metal oxides in greater depth. Although this study showcases 
the promise of metal oxide systems for coupling applications, it does not take into 
account the potential effects of dopant distribution, dopant activation and molecular 
vibration orientation relative to the NC surface on the coupling between NC LSPR and 
molecular vibrations. However, future studies addressing the aforementioned effects will 
be improvements upon the foundational work presented here that may be already of 
relevance to potential applications ranging from catalysis, SEIRA, and integrated 
optoelectronics. We hope that this study will motivate researchers to investigate metal 
oxide systems towards developing electrically, or photo(chemically) tunable substrates 
for various mid-IR optical applications.  
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Chapter 5 
Impacts of Surface Depletion on the Plasmonic Properties of Doped 
Semiconductor Nanocrystals  
5.1 Introduction  
Degenerately doped semiconductor nanocrystals (NCs) display unique localized 
surface plasmon resonance (LSPR) properties, where unlike metals, the carrier density is 
tunable by several orders of magnitude (10E18–10E21)15,208,230. Such flexibility over 
carrier concentrations allows the LSPR frequency (𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿) to be varied broadly in the 
visible to mid-IR spectral window. Tunability of 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 in semiconductor NCs originates 
from changing band structure parameter such as band gap (𝐸𝐸𝐺𝐺) and Fermi level (𝐸𝐸𝐹𝐹) by 
introducing ionizable defects such as oxygen vacancies38,86 and aliovalent 
dopants16,19,244,246, redox and photochemical charging90,270, or electrochemical 
modulation28,78,113,229 in NC films. Such LSPR properties have been leveraged for 
numerous applications such as in smart windows49,113,271, optoelectronics45,272, sensing97, 
and catalysis273.  
The LSPR is semiconductor NCs is commonly treated as Drude response of free 
carriers as in metals34,71,274. The underlying assumption behind such treatment is that once 
the semiconductor is degenerately doped, the effects of the band structure modifications 
on the LSPR properties are minimal. Even though, this is a reasonable assumption for 
expressing the optical property such as the dielectric function of bulk material, near-
surface properties of semiconductors are greatly modified due to the presence of surface 
defects, surface trap states, and interaction with surface ligands. It has been demonstrated 
that presence of surface traps changes the optical transitions such as exciton and 
interband transitions for applications such as photo-luminescence and two-photon 
conversion275–277. Native surface states or an externally applied potential pins Fermi level 
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at the surface potential leading to the formation of the depletion or accumulation layer 
near the surface of the NC278,279. Surface depletion or accumulation results in spatial 
gradient in carrier concentration, leading to spatially changing dielectric function. Such 
behavior and its effect on plasmonic property has been studied in semiconductor thin 
films such as Sn:In2O3 (ITO) but not been analyzed in NC system280. In NCs, due to high 
surface to volume ratio, influence of surface perturbation on LSPR property is expected 
to be much more severe.  
Colloidally synthesized NCs such as Sn:In2O3244, CuTe281, or CuS213 are some of 
the many semiconductor systems that have been studied for LSPR based application such 
as sensing282, catalysis273, surface enhanced infrared absorption spectroscopy (SEIRA)8, 
or smart windows113. Efficacy of a NC for applications such as smart window or 
photodoping, where the dynamic LSPR modulation is achieved by electrochemically or 
photochemically changing the EF, will greatly be affected by extend of surface depletion 
as a function of nanocrystal size and doping level. Contradictory reports in literature on 
dynamic modulation using metal oxide NCs, thus, either offer a qualitative description of 
LSPR frequency modulation based on Drude model28,47,51, ignoring any depletion affects, 
or oversimplify the consequence of depletion on LSPR property to explain subtle changes 
observed in the 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
78,109. Similarly, for applications such as sensing, with 
semiconductor NC, much lower sensitivity compared to expected value is often reported 
283. Presence of a depletion layer on the surface is expected to reduce the sensitivity of 
NC plasmon to the changes in surrounding, but this effect is often ignored while 
analyzing such systems. Surface depletion also strongly impacts carrier dynamics in NC-
based transparent conductors by imposing a potential barrier at NC-NC interface284. 
In this work, we have thoroughly investigated the effect of NCs surface depletion 
on the plasmonic property of doped semiconductor NCs by systematically changing the 
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extent of band bending (Vbb = EF – Eapp) through electrochemical charging/discharging of 
NC films and in situ monitoring of the LSPR modulation. For this purpose, ITO, a well-
studied plasmonic NCs system, was chosen as a model system for the following reasons. 
First, the chemistry of ITO synthesis is relatively well established which enabled us to 
systematically vary the doping level and size of the NCs. Second, ITO is a 
technologically relevant material for applications such as opto-electronics45, smart 
windows28,52, and sensing8,282. Additionally, metal oxide NCs are well known to possess 
surface defects states due to the presence of surface hydroxyl groups that define the 
Fermi level at the surface78,280. Using a combination of in situ FTIR 
spectroelectrochemistry (FTIR SEC), solvent dielectric sensitivity, and computational 
modeling of electron distribution and LSPR modulation, we were able to establish a 
systematic relationship between the Vbb and the LSPR modulation behavior. We find that 
by varying the size and doping level of the ITO NCs the LSPR modulation can be clearly 
explained by the formation of depletion layer on the NC surfaces. Electrochemical 
charging of a partially depleted NC thus does not increase the carrier concentration as the 
injected electrons are consumed to charge the depleted layer resulting in a net increase in 
the LSPR intensity but no 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 shift. Further, we demonstrate, for first time in a 
plasmonic semiconductor system, that the NC plasmon sensitivity tracks the depletion 
width, being least sensitive to the surrounding for largely depleted NCs. These finding 
reconciles the previous literature contradiction regarding the LSPR modulation and 
establishes a general ground to rationally design efficient plasmonic NCs for near-field 
enhancement, electrochromic, catalysis, and transport applications.   
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5.2 Methods 
5.2.1 Synthesis Protocol   
Sn-doped In2O3 nanocrystals (NCs) were synthesized using a slow injection 
method (slow growth) recently reported by the Hutchison group99. Briefly, a desired 
composition of In(ac)3  and Sn(ac)4 were dissolved in  7.5 mL of oleic acid at 150 °C for 
2h. In another flask 13 mL of oleyl alcohol was heated to 290 °C under a gentle flow of 
N2. A desired volume of metal oleate solution was slowly injected to the oleyl alcohol 
bath using an automated syringe pump at the rate of 0.2 mL/min. Three needles (packed 
with a piece Kimwipes paper) were inserted in one of the rubber stoppers as gas outlet. 
Upon injection, the alcohol bath turned light green-bluish color with the color intensity 
depended on the dopant level. After injection, the reaction was hold at 290 °C for 20 min 
before quenching to room temperature. The NCs were washed multiple times using 
hexane/ethanol solvent/anti-solvents and finally dispersed in hexane for further use.  
The NCs nominal doping level was adjusted by varying the Sn/In ratio in the 
precursor solution while the NC size was controlled by varying the injection volume. 
Typically 1 mL injection volume resulted in NCs of about 6-7 nm while for larger NCs 
(~13-14 nm) 4 mL injection was required. The size of the NCs were analyzed from the 
TEM images. XRD spectra were collected for ITO NCs using a Rigako Miniflex 600 
with a Cu K alpha radiation source 
5.2.2 Device Film preparation 
 Uniform thin films of ITO NCs were deposited on commercial glass/ITO (50nm) 
for in situ measurements as well as on Si chips for characterization using a spin-coating 
method. For spin-coating substrates was submerged with an adequate volume of NCs 
dispersion in hexane/octane (1:1 V/V) and spun at 2000 rpm for 1 min, followed by 3000 
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rpm for 30 s. The NCs assembly were further ligand exchanged with formic acid driven 
by mass action; films were immersed in 0.1 M formic acid in MeCN for 30 min followed 
by rising multiple times with a mixture of 1:1 MeCN/CHCl3. At the next step, the formic 
acid ligands were removed by annealing the films at 120 °C for 20 min in a tube furnace 
under 50 sccm flow of Ar.  
5.2.3 Device assembly 
 The NCs films were assembled in an in situ FTIR spectroelectrochemistry (SEC) 
device for spectroelectrochemical measurements. The devices were composed of a 
working electrode (the ITO NCs film) and a counter electrode consisted of a glass/ITO 
substrate coated with Pt nanoclusters. Pt clusters, which served to increase the 
capacitance of the working electrode, were deposited by drop-casting Platisol (Solaronix) 
on the substrates followed by heating in air at 350 °C for 20 min. Electrodes were fused 
together using a thermoforming Surlyn film (60 μm, Solaronix). A 1.0 cm2 hole in the 
Surlyn spacer provided a compartment which was further filled with electrolyte (1.5 M 
tetramethylammonium bis(trifluoromethanesulfonyl)imide (TBATFSI) in tetraglyme). A 
photograph of the final device is shown in Figure 5.1.  
 
Figure 5.1 Schematic design and a photograph of the in situ FTIR SEC device.  
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5.2.4 Electrochemistry  
Electrochemical measurement were made using a S200 Biologic potentiostat. 
Three cycles of cyclic voltammetry (CV) were run before the in situ FTIR measurements. 
Capacitive CV profiles indicated the high capacitance of the working and counter 
electrodes (Figure 5.2a). 
5.2.5 FTIR Spectroscopy  
Optical spectra were measured using a Bruker Vertex 70 FTIR. For the in situ 
FTIR SEC, the device were attached to a holder with an aperture of ~ 1.1 cm2. The 
device was titled to a 20 ° angle in order to avoid the internal refection patterns from 
reaching the detector. A typical in situ FTIR spectrum was acquired by backgrounding 
the detector versus ambient air, then applying a constant potential for 3 min before 
recording the spectra. A series of sample spectra (raw in situ FTIR SEC data) are shown 
in Figure 5.2b  
Solution FTIR spectra for sensitivity analysis were recorded suing a thin layer 
liquid cell attachment. Background spectra were collected using the blank solvents before 
the NCs dispersion spectral acquisition.  
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Figure 5.2    Electrochemical device operation a) CV curves of ITO NC films scanned 
at 20 mV/min. b) A series of in situ FTIR spectra for 1% doped-6nm NCs 
collected at the indicated potentials. For further analysis, the individual 
spectra were corrected versus that at 2V (the oxidized state). Two 
representative spectra overlapped with the fit curves are shown in (c). 
5.2.6 Experimental Data Analysis 
 The in situ FTIR SEC spectra were further analyzed by correcting for the 
background and extracting the peak positions and absorption intensity. The spectra were 
first corrected for that recorded at 2 V. At 2 V the LSPR of the NC is largely bleached 
providing a reliable and reproducible background correction procedure.  Using this 
method, absorption at 2 V is thus zero, and as the potential is stepped negatively a net 
LSPR absorption appears that is due to injected electrons (Figure 5.2c).  
In order to extract the LSPR peak positions, the data were fit using a smoothing 
function from which the peak positions were extracted. Sample fits are shown in Figure 
5.2c. 
5.2.7 Poisson’s Equation   
Poisson’s equation was solved numerically over the spherical nanocrystals under 
the assumption of uniform dopant concentration and surface potential, ES, using finite 
element method.  
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The charge density at any point inside the nanocrystal is made up of mobile 
electrons, holes and immobile ionized impurity centers. 
Here, we have shown the potentials used to solve the Poisson’s equation (Figure 
S8). EF is the Fermi energy level, ECB is the conduction band minima, EVB is the 
valence band maxima, EI is the reference potential and center of the band gap.  
 
 
 
Figure 5.3    Band structure and band bending. The band energetics of a NC under flat 
band, and band bending conditions where ES represents the surface states 
potential, EI is the reference potential, Vbb is the band bending potential, and 
ECB and EVB are the conduction band edge and valence band edge potentials, 
respectively.  
Here, we adapted the dimensionless form of Poisson’s equation derived by Seiwatz and 
Green285 to solve numerically for spherical nanoparticle in Cartesian coordinates as,  
                         5.1 
The non-dimensional potential is defined as, , and k is the Boltzmann constant 
and T is temperature. is the vacuum permittivity, is the static dielectric constant, and 
 is the charge density.  
        
 5.2 
where, is the donor dopant density, is the acceptor dopant density, is hole 
density, is electron density. Here, since we only have aliovalent donor dopants,  
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Free electron concentration in the parabolic conduction band is equal to,  
 ,        5.3 
where ,   
 
Similarly, hole concentration in the parabolic valence band is equal to  
 , where      5.4 
If the donor energy level is ED, activated dopant concentration could be expressed as,  
 where 
    
 5.5 
Substituting all the individual term into Equation 5.1 
  
          
 5.6 
with the boundary condition, 
         
 5.7
 
Poisson’s equation (Equation 5.6) was solved in COMSOL using finite element scheme. 
Mesh and geometry of the control volume is demonstrated in Figure 5.4,  
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Figure 5.4  Geometery for numerical Poisson’s equation solution.  Meshed geometry 
of the spherical nanocrystal of variable radius, R. Poisson’s equation was 
solved over this control volume using finite element method in COMSOL 
5.2.8 Effective Nanocrystal Dielectric Function  
 
Figure 5.5  Schematic shows the iterative procedure to obtain and effective dielectric 
function of a depleted NC. 
Here, we have developed a method to derive effective nanocrystal dielectric 
function. This involves applying the Maxwell-Garnet effective medium theory286, 
iteratively to a finely discretized sphere into a core and multi-shell configuration (Figure 
S10). The detailed algorithm to obtain effective dielectric function developed in this work 
is listed in Appendix 3. 
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5.2.9 Effective film dielectric and device optical modeling  
Sandwich cell designed in-house for in-situ spectroelectrochemistry was modeled 
using commercial SCOUT software (www.wtheiss.com) by employing several built-in 
optical models, including, T-matrix method to calculate extinction spectrum, Drude 
model to express the dielectric function of ITO thin film on glass substrate. To model the 
device, the steps taken are explained in detail in Appendix 4. 
 
5.2.10 NC Plasmon Sensitivity Analysis- Experiments 
Sensitivity of LSPR of ITO NCs to the changes in refractive index of the 
surrounding medium was measured by collecting extinction spectra of NCs dispersed in 
several solvent such as hexane, toluene, chloroform, and tetrachloroethylene. FTIR 
Spectra were collected using a Bruker Vertex 70 FTIR. Solution ensemble measurements 
were performed using a FTIR liquid cell with a 0.25 mm path length. LSPR peak position 
was extracted by fitting the spectra to sum of several Lorentian functions. As per LSPR 
condition from Mie theory, and substituting dielectric value using Drude function, we 
obtain,  where, is the peak LSPR wavelength, is the refractive index of 
the surrounding, and S is the sensitivity factor. This relation suggests that the slope of the 
curve vs.  would give us the sensitivity factor. Following this equation, we 
plotted vs.  for NC with different doping level and size and obtained the 
sensitivity factor for each one of them.  
5.2.11 NC Plasmon Sensitivity Analysis- Model  
In order to model the theoretical sensitivity of the depleted NC, we used the 
effective dielectric function of the nanocrystal to predict the absorption of the NC using 
Mie theory (Equation 5.8) 
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             5.8 
Absorption profile was simulated for refractive indices varying from 1.3 and 1.6, 
and using these profiles, LSPR peak position was estimated as function of refractive 
index for various NCs. To extract the sensitivity of the NC, same procedure was followed 
as in experiment using theoretical LSPR peak position. 
 
5.2.12 Near-field Enhancement.  
Using the concentration profile obtained from Poisson’s equation (here, we 
choose 1.4 eV as the surface potential), spatially varying dielectric function was derived 
using the Drude model. Spherical NCs surrounded by a sphere representing the 
surrounding medium (i.e. air (n=1)). This whole system was then surrounded by a perfect 
index matching layer which prevented unwanted reflections from the outside boundary. 
The maximum and minimum mesh size in the nanocrystal was set to 4 and 0.01 nm, 
respectively. This ensures fine meshing, yielding typically 2 million degrees of freedom, 
which corresponds to 3 – 15 GB of RAM when using the direct PARDISO or MUMPS 
solver. Maxwell equation were solved in scattered field formulation with the background 
electric field propagating along Z-axis and polarized along X-axis.  
5.3 Results 
Surface depletion (Figure 5.3) in semiconductors is determined by the difference 
between NC Fermi level and surface states energy (Vbb  = EF - ES ), dopant density, and 
shape and size of the NCs. Strong control over the NC geometry, size, and doping level is 
thus crucial to make reliable quantitative assessment of the effect of surface depletion on 
the LSPR. The first objective was thus to reproducibly synthesize monodisperse ITO NCs 
with various sizes and doping levels. This was achieved by adapting a slow growth 
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method recently developed by the Hutchison group99. By varying the injection volume 
and the relative ratio of In and Sn precursors, a series of highly monodisperse NCs with 
variable size (6-14 nm) and doping level (1-10% Sn) were synthesized (Figure 5.6) All 
the diffraction peaks can be indexed to the reference diffraction of bixbyite In2O3 crystal 
structure (PDF# 06-0416) (Figure 5.7).  The optical extinction spectra (Figure 5.8) of five 
representative spherical NCs of diameter around ~14 nm demonstrate that LSPR blue 
shift with increasing dopant density (1-10%). Fitting of extinction spectrum with the Mie 
theory based of the dielectric function expressed using the Drude Model reveals that 
carrier concentration in the representative samples varies in between 3.48E20 and 
1.12E21 cm-3. 
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Figure 5.6 TEM images of ITO NCs 
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Figure 5.7 XRD spectra of 1 and 10% doped ITO NCs.  
To study the role of applied potential on LSPR property, uniform thin film of NCs 
was spin coated from NCs dispersion on conductive ITO-coated glass substrate and 
assembled in a custom-made multi-layer sandwich cell for in situ FTIR SEC 
measurements (see the methods and Figure S3-S4). A novel design of the in-situ 
electrochemical cell allowed us to monitor FTIR spectra as a function of applied potential 
in mid-IR by minimizing the electrolyte and contacting electrodes absorption.  
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Figure 5.8 LSPR in Semiconductor NCs LSPR extinction spectra of ITO NCs with 
nominal doping levels ranging from 1-10% (dispersed in 
tetrachloroethylene).  
Introducing a larger concentration of dopant in semiconductors results in 
significant band gap and band edge modification287,288. The interaction among free 
carriers and with ionized impurities give rise to a downward shift of the conduction band 
edge (ECB) and an upward shift of the valence band edge (EVB), resulting in a net band 
gap narrowing effect. The optical band gap, on the other hand, increases due to filling of 
the conduction band states as the EF is raised (Burstein-Moss shift). Here, net result of 
two competing mechanism is summarized for the cases of low and highly doped ITO 
NCs (Figure 5.9a)288. As we elucidate below, LSPR dependence on surface potential 
(surface states, redox couple, or applied potential) would strongly depend on the dopant 
density, which determines the EF thus the magnitude of Vbb (i.e. EF–ES) (Figure 5.9a). 
Downward shift of the ECB thus causes a smaller Vbb compared to what it would have 
otherwise been if the ECB were unchanged with doping. Therefore, the LSPR is expected 
to be less sensitive to changes in applied potential (i.e. varying the Vbb). 
The in situ LSPR modulation spectra of NCs with two extreme size (6 and 14) 
and doping levels (nominally 1 and 10%) in response to applied potential are shown in 
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Figure 5.9b-e. The LSPR spectra were recorded after applying a constant potential step 
for 3 min to insure a steady state carrier concentration throughout the NCs assembly. 
Strong modulation of the LSPR extinction intensity, resulting from capacitive 
charging/discharging of the NCs, was observed in all cases irrespective of NCs size or 
dopant level. This behavior is consistent with previous studies on electrochemical 
modulation and is analogues to photochemical redox charging of doped metal oxide 
NCs47,51,289. Unlike the extinction intensity, the ωLSPR modulation exhibited significant 
differences for different doping levels and NC sizes. In the case of 1% doped-6 nm NCs 
(Figure 5.9b) increase in the LSPR extinction is accompanied by a significant blue shift 
of ωLSPR (𝛥𝛥𝜔𝜔 = 704 cm-1). In contrast, with 10% doped-6 nm NCs (Figure 5.9d), ωLSPR 
shift was significantly smaller (𝛥𝛥𝜔𝜔 = 331 cm-1). Moreover, extent of modulation was not 
only dependent on the NCs dopant concentration but also on the size of the NCs; 
𝛥𝛥𝜔𝜔 decreased to 424 and 226 cm-1 for 14 nm NCs-1 and 10% doped, respectively (Figure 
5.9c, e). These trends can, at best, only be qualitatively explained with the hypothesis of 
uniform increase in carrier concentration through out the NC upon application of 
reducing potential. Further, no size-dependency of the LSPR is expected as the NCs sizes 
are much smaller than the wavelength of incident light. These observations and 
inconsistencies in understanding of modulation based of the prior works, motivated us to 
explore the effect of surface depletion on LSPR modulation in greater detail. For different 
NC dopant concentration and sizes, we numerically solved Poisson’s equation as a 
function of applied surface potential (Eapp) to evaluate radial band profile. Poisson’s 
equation was solved in spherical coordinates under parabolic band assumption285. For a 
given surface potential, the depletion width (W) is expected to decrease with increasing 
dopant density and size of the NCs. Solution to Poisson’s equations shows that at the 
most oxidizing Eapp  (0.8 eV) W, in the case of 1% doped NCs (Figure 5.9b-ii and 5.9c-ii), 
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is around 4 nm which decreases to less than 1 nm for 10% doped NCs (Figure 5.9d-ii and 
5.9e-ii). W extends to the majority of the NC volume for low doped and small NCs. In 
contrast, for the high doped case, for all NC sizes (6 nm-14 nm), it is limited to less than 
1 nm of the surface.  
 
 
Figure 5.9 
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Figure 5.9  Electrochemical LSPR Modulation. a) Band energetics of low and highly 
doped NC showing the band gap narrowing and Burstein-Moss effects. b-e) 
In situ FTIR SEC spectra of a film of NCs collected at various applied 
potentials (i) along with corresponding calculated conduction band profiles 
(ii) for 1%-6 nm (b), 1%-14 nm (c), 10%-6 nm (d), and 10%-14 nm (e) ITO 
NCs. Overlapped with the LSPR spectra are the peak positions extracted 
from fitting the individual spectra. Δω represents the maximum LSPR peak 
modulation going from +1.5 to -2 V. Electrochemical LSPR modulation was 
performed by charging the NC films via applying a more reducing potential 
(Eapp) relative to the reference potential (Eref). Note that Eref, in the case of 
experimental result, is the counter electrode potential (i.e. Pt) and in the case 
of modeled results was taken as the mid point of the band gap where Eref=0.  
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Applying more reducing potential decreases the W, which is depending upon the 
size and doping level of the NC. For low doped-6 nm NCs, reducing potential initially 
results in charging the entire NC and once the W is less than the radius of the NC it only 
increases the volume of un-depleted core. Carrier concentration profile based of 
Poission’s equation band profile solution (Figure 5.10b-i), displays this two regime in 
charging of 1% doped-6 nm NC. Substantial change in carrier concentration through out 
the nanocrystal as a function of Eapp explains the large observed shift in LSPR for these 
nanocrystals. For larger size (14 nm), where depletion thickness is already smaller than 
the radius, charging of such nanocrystal lies entirely in the second regime where the 
volume of the un-depleted core increases (Figure 5.9c). This effectively means that there 
is no change in carrier concentration within the un-depleted core, but it is accompanied 
with the substantial increase of 87.5% volume of un-depleted core and progressing 
towards accumulation regime at most reducing potential. Therefore, ωLSPR shift for 14 nm 
NC is lower than 6 nm NCs, due to a smaller change in carrier concentration. The 
observed blue shift for 14 nm NCs is, in part, due to reduction of refractive index in the 
depleted layer as potential is shifted negatively.  
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Figure 5.10 Optical Modeling of Electrochemical LSPR Modulation. a) Schematic 
iterative procedure used to obtain the effective dielectric function of a 
depleted ITO NC (i) and modeled sandwich cell configuration where ITO 
NCs with effective dielectric function,  is coated on the top of ITO thin 
film-coated glass substrate (ii). To model the ITO NC film optical 
properties, effective dielectric function of the film was calculated using 
Maxwell-Garnett equation. b,c) Calculated carrier concentration profiles (i.) 
and corresponding LSPR spectra (ii.) for 1% doped-6 nm (b) and 10% 
doped-12 nm (c) ITO NC films. 
On the other extreme, is 10% doped NCs (Figure 5.9d and e). The W in the case 
of these highly doped NCs is less than 1 nm. The majority of the NC volume is thus 
remaining un-depleted at any Eapp. As the nanocrystal is charged, the injected electrons 
are consumed to compensate for the depletion layer resulting in no net increase in the 
electron concentration. The relative volume change of un-depleted core is ~ 70 % and 42 
% for 6 nm and 12 nm NCs, respectively (Figure 5.10d, e). Again small shift in the ωLSPR 
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is attributed to the dielectric change in the depletion layer upon charging. The case of 
high doping is a more general picture of the behavior observed by zum Flelde et al.78 for 
Sb: SnO2 NCs under electrochemical charging.  
To establish the direct correlation between the calculated carrier concentration 
profile and the optical property, we developed a multi-scale model to study optical 
properties of the individual NCs and that in the sandwich device. The multi-scale optical 
model allowed us to directly relate the expected optical modulation in the sandwich 
device, similar to our experimental design, to the applied potential. Optical property of 
the depleted nanocrystal with radial carrier concentration gradient was modeled using an 
effective medium theory (Figure 5.10a). Effective dielectric function of a NC (𝜖𝜖𝑒𝑒𝑒𝑒𝑒𝑒), was 
calculated using iterative core-shell effective medium method. Using the 𝜖𝜖𝑒𝑒𝑒𝑒𝑒𝑒 as the 
dielectric function of the NC, which is packed randomly in a thin film, 𝜖𝜖𝑒𝑒𝑒𝑒𝑒𝑒_𝑒𝑒𝑖𝑖𝑓𝑓𝑓𝑓 was 
calculated. The transmission and the reflection spectra were then calculated using T 
matrix method employing SCOUT optical package274 (www.wthesis.com). Notably, the 
extent of LSPR modulations and ΔωLSPR for these NCs in the modeled spectra (Figure 
5.10) are in excellent agreement with observed experimental values. The consistency 
between the experiential and modeling results observed for various sizes and doping 
concentrations is indeed owing to excellent control over NCs size and morphology, and 
careful in situ FITR SEC analysis. Furthermore, this supports our hypothesis of surface 
depletion playing the crucial role in determining the LSPR property and modulation of 
NC film.   
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Figure 5.11  Electrochemical LSPR modulation spectra of 1% doped NCs. The peak 
positions at most oxidized (1.5 V) and reduced (-2 V) states are labeled.  
 
 
 
Figure 5.12  Electrochemical LSPR modulation spectra of 10% doped NCs. The peak 
positions at most oxidized (1.5 V) and reduced (-2 V) states are labeled.  
Expanding on our discussion on the depletion layer in NCs and its dependence on 
size and dopant density, we systematically varied doping level and size. Systematic 
variation in LSPR modulation is expected as function of size and doping level, both of 
which would reduce the extent of W relative to the radius of the NC. In order to probe the 
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size effect, three sizes of NCs for two extreme doping levels (1 and 10%) were prepared 
and their in situ FTIR SEC spectra were measured. Change in LSPR peak frequency 
(ΔωLSPR) at different potentials versus that at 1.5 V (oxidized state) is shown in Figure 
5.11-5.13. It can be clearly seen that 1% NCs overall show a larger blue shift in ωLSPR, of 
which the 6 nm NCs exhibit the highest ΔωLSPR of 704 cm-1. As the NCs size increase, 
the depletion width decreases, resulting in the milder shift as elucidated before. Likewise, 
for the 10% NCs the largest ΔωLSPR is observed for the 6 nm NCs. However, there is a 
minimal difference between 10 and 14 nm NCs, due to very small difference in W. To 
test the effect of the dopant concentration for a given size (6 nm), a series of NCs with 
various doping densities ranging from 1-10% were prepared. The W, thus the extent 
carrier concentration modulation within the depletion layer, decreases exponentially with 
increasing dopant concentration. This would lead to a systematic reduction in ΔωLSPR as 
the NC dopant density increases (Figure 5.13b and Figure 5.14).  
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Figure 5.13  Effect of NC Size and Doping Concentration on Electrochemical LSPR 
modulation. LSPR peak frequency ( ) at different potentials versus 
that at 1.5 V for ITO NCs with different sizes (a) and doping concentrations 
(b). Modeled size and doping effects on the of an insolated NC. 
Modeled shift in isolated NC, de-convoluted off the film coupling effects 
shows greater modulation compared to the corresponding film modulation. 
Modeled film data, full LSPR spectra and the details of the modeling are 
provided in the SI.  
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Figure 5.14 Electrochemical LSPR modulation spectra of ITO NCs with various 
doping levels. The peak positions at most oxidized (1.5 V) and reduced (-2 
V) states are labeled. 
Corresponding to these NCs, LSPR modulation spectra with comparable sizes and 
doping level were modeled using the method explained in the previous section. We note 
that the LSPR modulation behavior slightly changes going from freestanding to 
assembled NCs. NC-NC coupling in the film, as well as the convoluted substrate affects, 
complicates the direct interpretation of the experimental result on single NC scale. But 
one to one correspondence between the modeling and experiment in our work, allows us 
to study the optical modulation on single NC scale. For all sizes and doping levels, 
modulation at single NC scale seems to be larger than that of assembled film (Figure 
5.13c,d and Figure 5.14-5.17). It also shows us the origin of absolute intensity 
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modulation in the experimental data. For low doping, LSPR intensity of the depleted 
(oxidized) NCs is very low which increases higher to higher values with reducing 
potential (Figure 5.14). In contrast, for high doped NCs, even the oxidized NCs retain 
substantial LSPR characteristic due to the presence of significant undeleted core (Figure 
5.15). Single NC optical spectra clearly show case that the effect of depletion is 
maximum for small sized low doping level NCs which decreases with the increasing 
dopant concentration and size of the NC (Figure 5.17). 
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Figure 5.15  Size effect on LSPR modulation for low-doped NCs was modeled in 
three step. First, Poisson’s equation was solved for band bending profile (i) 
and carrier concentration profile (ii). Radial carrier concentration profile 
corresponding to different surface potential was used to model the 
absorption spectra of single NC (iii). Taking into account the film and 
device effects, optical modeling of single NCs was extend to optical device 
(iv). Shift was maximum for low doped NCs as it is evident in carrier 
concentration profile, there is substantial change in carrier concentration in 
the core for small NCs and in the shell for the larger one.  
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Figure 5.16  Size effect on LSPR modulation for high-doped NCs was modeled in 
three step. Similar procedure as described for low doped was followed for 
this system as well. Shift is relatively small for high doped NCs as it is 
evident in carrier concentration profile, the charging is limited within 1 nm 
of the surface of the NCs.  
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Figure 5.17 
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Figure 5.17 Doping concentration effect on LSPR modulation for 6 nm NCs. Similar 
procedure as described for low and high doped NCs was followed here 
as well. LSPR shift decreases with increasing doping concentration. 
From the concentration profile as function of applied surface potential, it 
can be seen that for low doping concentration there is substantial change in 
carrier concentration through out the NC, but as the doping level increases, 
charging is mainly limited to the NC surface layer. 
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A depleted surface could be imagined as a shell of a high dielectric constant, 
creating barrier between the active plasmonic core and the surrounding thus reducing the 
sensitivity of LSPR to changes in medium dielectric. This phenomenon is well-
characterized in ligand capped or core-shell metallic systems97,290,291 .The sensitivity of a 
NC LSPR to the surrounding refractive index unit (RIU) is defined as (λLSPR/RIU)2 26. In 
order to evaluate NC plasmon sensitivity, NCs with various sizes and doping 
concentrations were dispersed in solvents with refractive indices ranging from 1.3-1.54. 
From the relationship (Equation 5.9) of the ωLSPR versus refractive index, the sensitivity 
values were extracted and are plotted in Figure 5.17a for two different sizes and doping 
levels of 1-10%. The blue stars with connecting dashed line show the ideal case for a 
given carrier concentration which was calculated assuming no depletion. The 
experimental sensitivity data are less for all the doping levels, which is attributed to effect 
of surface depletion. As discussed above, the extent of depletion layer is higher for 
smaller NC and lower doping levels. Therefore, larger sensitivity deviation from the ideal 
case is expected for the smaller lightly doped NCs. Moreover, for low dopant 
concentration, there is maximum difference in surface depletion profile for different 
sizes; as expected this is mirrored in the sensitivity factor (Figure 5.17a) where the 
highest deviation from the ideal case is seen for 1%-6 nm. As the carrier concentration 
increase, this deviation and the size effect reduces reaching its minimum at 10% where 
the W is minimum. This behavior nicely tracks the trend of depletion width, and 
corroborates the LSPR modulation results discussed above. These results were further 
confirmed by calculating plasmon sensitivity for NCs of different size and carrier 
concentrations considering the depletion effect. The results shown in Figure 5.17b show 
systematic size and doping effects on the plasmon sensitivity, in excellent agreement with 
the experimental observations.  
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Ability to localize electric field at nanoscale is a unique attribute of the plasmonic 
NCs37. Here, we calculated the near-field enhancement for 1% doped- 6nm and 14nm 
NCs. 1% doping level was chosen as it shows the highest modulation, strong size 
dependence and greatest deviation from ideal sensitivity. Using the radial profile of 
dielectric function calculated based on carrier concentration obtained from Poisson’s 
equation, we numerically solved for electric field using finite element method. It is 
clearly evident that presence of depletion layer reduces the near field enhancement 
(Figure 5.17c) further supporting our earlier deduction of reduced sensitivity to 
surrounding for such NC. Near field enhancement in the surrounding was maximum and 
size-invariant for an ideal case un-depleted NCs, which decreases to some degree for 14 
nm NC with a thin 2 nm surface depletion layer and decreases substantially for 6nm NC 
due to depletion of NC to the core of the NC. Also, presence of size dependent relative 
depletion layer, breaks the size invariance, and induces interesting near field localization 
character within the depleted layer. This aspect of this study need further investigation 
and is a subject of our current in-depth investigation. 
 172 
 
Figure 5.18 NC plasmon Sensitivity. a) Plasmon sensitivity of small and large ITO NCs 
with nominal doping concentrations ranging from 1-10%. The blue stars 
indicate the ideal case with the highest sensitivity. The NCs sensitivity 
factor is calculated based of the LSPR peak position in solvent with 
refractive indices ranging form 1.30-1.54. b) Calculated plasmon sensitivity 
for ITO NCs with various sizes and dopant concentrations. c) Calculated 
near-field enhancement maps of a spherical 1% doped ITO NC showing the 
effect of surface depletion. NFE is maximum for undepleted ideal NCs, 
which decreases for 6nm and 14 nm depleted NC. NFE decreases 
substantially for 6nm NC as the depletion extends to the core of the NC. 
 173 
5.4 Conclusion 
In conclusion, the corroborating experimental and modeling results highlight the 
impact of surface depletion on the plasmonic properties of doped semiconductor NCs. 
Here, the Fermi level was adjusted by applying a constant potential to a film of NCs. This 
allowed us to systematically vary the band bending (Vbb) and monitor its effect on 
electron distribution and thus the LSPR behavior. In the absence of the applied external 
potential (NCs dispersion or assembly) the Fermi level is defined by the surface redox 
potential (intrinsic surface states or a deliberately added redox couple). Regardless of 
their nature, surface states energetically located below the Fermi level induce a depletion 
layer at the NC surface Surface depletion and associated band bending potential in NCs 
strongly impacts their application in sensing, electro-optics, and transparent conductors. 
Strong dependence of LSPR modulation, sensitivity to the surrounding, and near-
field enhancement on size and doping concentration of the NCs, highlights the 
importance of rational choice of the NCs for a given application. For smart window 
application28,113, where the maximum LSPR frequency modulation is desirable, low 
doped and small sized NCs are preferable. In contrast, for application such as photon 
upconversion44, SEIRA8 and sensing291, where efficacy of the process depends on LSPR 
coupling to other optical processes present in the vicinity of the NC, surface depletion 
need to be minimized. Furthermore, the ability to modulate the sensitivity, near field 
enhancement, and LSPR frequency as a function of surface potential, hold a great 
promise for range of applications such as electro-optical modulator as well as tunable 
SEIRA and sensing substrate. 
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Appendices 
Appendix A:  Derivation of the Sensitivity Factor of plasmon peak to 
carrier concentration 
The dielectric function of the material can be expressed using Drude-Lorentz model as: 
2
2( )
p
p i
ω
e ω e
ω γω∞
= −
+
                A1.1 
Where pe is the frequency-dependent dielectric function, e∞ is high frequency dielectric 
constant, γ is the inverse of the bulk relaxation time and 𝜔𝜔𝑝𝑝 is the bulk plasma frequency 
given by 
 
2
0
c
p
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N e
m
ω
e
=                 A1.2 
Using the dielectric function obtained from equation A1.1, absorbance is calculated using 
Mie theory under the assumption of subwavelength particle dimensions, so that the 
absorption is given as: 
1/2 3 ( )( ) 4 k( ) Im
( ) 2
p H
abs H
p H
C R
e ω e
ω π e
e ω e
 − =  
+  
             A1.3 
Where with k being the wavevector, R the NC radius, εH the host dielectric constant, and 
εp(ω) the material dielectric function. 
From the equation A1.3, the plasmon resonance condition can be evaluated as when  
{ }Re 2p He e= − ⋅               A1.4 
Now substituting { }Re pe  from A1.1 in A1.4, we get, 
2
2 2 2
p
H
ω
e e
ω γ∞
− = −
+
             A1.5 
Rearranging the above equation and substituting eq A1.2 in eq A1.5, we get 
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So, if a change in carrier concentration ( cN∆ ) brings a change in frequency by ω∆ ,then 
2
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Now subtracting eq A1.6 from A1.7, we get 
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So if, ω ω∆ << , 
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Substituting 
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So from A1.10, we get the sensitivity factor SNc  as, 
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Appendix B: Temporal  Coupled Mode Theory 
 
 
 
Both LSPR and molecular vibrations can be expressed as harmonic oscillators with 
corresponding resonance frequencies and decay rates. In a coupled LSPR-vibrational 
mode system, the LSPR mode is excited via incident light and it is considered as a bright 
mode. To first approximation, the response of an uncoupled molecular vibration is very 
weak compared to that of the LSPR, so it is approximated as a dark mode in our system.  
Equation A2.1 expresses the LSPR as a harmonic oscillator with resonant frequency, 
𝜔𝜔𝐿𝐿𝑆𝑆𝑃𝑃𝐿𝐿, and decay rate, 𝛾𝛾𝐿𝐿𝑆𝑆𝑃𝑃𝐿𝐿. The decay rate is the sum of energy decay attributed to 
reflected light (𝛾𝛾𝑟𝑟), transmitted light (𝛾𝛾𝑡𝑡) and non-radiative absorption decay (𝛾𝛾𝑛𝑛𝑟𝑟). The 
LSPR harmonic oscillator is coupled with ith vibrational oscillator with the coupling 
strength, 𝜇𝜇𝑖𝑖 and with external light (𝑠𝑠1+). This formulation is based upon two-port 
temporal coupled mode theory.  
 
                       A2.1 
where, |𝜙𝜙(𝑡𝑡)|2 is the total energy stored in the LSPR mode. Following the work of Altug 
et.al241., Haus et.al.268, and Fan et.al.267, decay rates to reflected light, transmitted light 
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and absorption were evaluated as a ratio between the power dissipated in the relevant 
process to the total energy stored in the mode. 
𝛾𝛾𝑟𝑟 = 𝑊𝑊𝑟𝑟𝑊𝑊 , 𝛾𝛾𝑡𝑡 = 𝑊𝑊𝑡𝑡𝑊𝑊 , 𝛾𝛾𝐼𝐼𝑟𝑟 = 𝑊𝑊𝑛𝑛𝑛𝑛𝑊𝑊                            A2.2 
As derived in other works, W can be expressed as,  
                A2.3 
for power dissipated due to non-radiative decay in the form of absorbed light it can be 
expressed as  
                 A2.4 
loss decay rate to transmitted and reflected light are calculated as  
                A2.5 
Now, expressing the dark vibrational mode as a harmonic oscillator, 
                  A2.6  
Here the decay rate from each vibration is obtained by fitting a multi term Gaussian 
function to the absorption spectrum of the mixture of indium oleate (80%) and octyl 
amine (20%). The central vibrational frequency, FWHM, and mode strength 
corresponding to different vibrations are listed in Table 4.2. 
The coupling strength between the LSPR and molecular vibrations can be calculated 
using the expression derived by Altug et.al., 
 
                                              A2.7  
where, A2 is the vibrational mode strength, N is the number of vibrational sites, and < |𝐸𝐸(𝑟𝑟)|2 > is average electric field strength around the nanocrystal where the 
vibrational sites are present. 
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Balancing these equations for the incoming power and outgoing power can be expressed 
as,   
 
                          A2.8 
 where �𝑠𝑠+,−�2is the total power carried by the incoming (+) and outgoing power (-). For 
the two port system, 𝑠𝑠+,− = (𝑠𝑠1+,− 𝑠𝑠2+,−)𝑇𝑇. Here, since there is no incidence light from 
port 2,  𝑠𝑠+ equals (𝑠𝑠1+  0)𝑇𝑇 and 𝑠𝑠− equals (𝑠𝑠1− 𝑠𝑠2−  )𝑇𝑇.  C is the non-resonant scattering 
matrix and equals, 𝐶𝐶 = � 𝑟𝑟𝑡𝑡𝐷𝐷 𝑡𝑡𝐷𝐷𝑟𝑟 �.  𝜅𝜅 is the coupling constant between the incoming light 
and the resonator. As a consequence of time reversal symmetry and energy conservation, 
previous works267,292 have obtained the following correlation, 
𝜅𝜅 = (𝜅𝜅1 𝜅𝜅2)𝑇𝑇 = � �2𝛾𝛾𝑟𝑟 �2𝛾𝛾𝑡𝑡�𝑇𝑇                       A2.9 
Taking the Fourier transform of Equation A2.1 and A2.6 gives, 
                 A2.10 
                    A2.11 
 
Substituting Equation A2.11 into A2.10 gives,  
 
               A2.12 
Where, 
                    A2.13 
                       A2.14 
             A2.15 
The reflection and transmission coefficients can then be defined as,  
,                 A2.16    
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substituting A2.13 into A2.8  
          A2.17 
                       A2.18 
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Appendix C:  Effective film dielectric and device optical modeling  
Sandwich cell designed in-house for in-situ spectroelectrochemistry was modeled 
using commercial SCOUT software (www.wtheiss.com) by employing several built-in 
optical models, including, T-matrix method to calculate extinction spectrum, Drude 
model to express the dielectric function of ITO thin film on glass substrate. To model the 
device following steps were followed: 
 
 
Figure C1: Schematic of the modeled sandwich device configuration. Here, ITO NCs 
with effective dielectric function  is coated on the top of ITO thin film 
coated glass substrate. To model the ITO NC film, effective dielectric 
function of the film was calculated using Maxwell-Garnett equation. 
 
1) Building up the material library, which consists of glass substrate, ITO thin film, 
ITO nanocrystals and electrolyte.  
2) Defining the dielectric model for each of the material.  
3) Glass substrate was modeled as the sum of several Lorentian. The parameter for 
the lorentian was obtained by fitting the experimental extinction spectrum with 
modeled one. Similarly, ITO thin film on glass was fitted to obtained the Drude 
parameter for the background substrate used in our measurement 
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4) Effective dielectric function of the nanocrystals was calculated using the 
procedure described in the previous section and imported in the SCOUT.  
5) Effective dielectric function of the nanocrystal film consisting of nanocrystal with 
a fixed volume fraction and the electrolyte filling the pores was calculated using 
built in Maxwell Garnett effective medium model.  
6) Sample extinction spectra for a given doping level and size of the nanocrystal for 
different applied potential obtained from this procedure (Figure A3.1) is 
analogues to that of experimentally measured spectra (Figure A5.10). To obtain 
the change in spectra, similar to our experimental data analysis procedure, all 
spectra were background subtracted against the spectrum at the most oxidized 
potential. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 182 
 
Appendix D: Effective medium theory for single nanocrystal effective 
dielectric function 
 
 
Figure D1 Schematic shows the iterative procedure to obtain and effective dielectric 
function of a depleted NC. 
Here, we have developed a method to derive effective nanocrystal dielectric function. 
This involves applying the Maxwell-Garnet effective medium theory286, iteratively to a 
finely discretized sphere into a core and multi-shell configuration (Figure D1). The 
detailed algorithm to obtain effective dielectric function developed in this work is as 
follows: 
1) Calculated the free electron concentration from the solution of Poisson’s equation.  
2) Discretized the spherical geometry into a core and 4 shells. More than 4 shell was 
not making much difference to our solution. Discretization was based off the 
carrier density. Equally spaced 6 focal points in between maximum and minimum 
carrier density obtained of the carrier density profile was calculated  
( ).  
3) Corresponding to those six carrier concentrations, radial distance of the center of 
the sphere was obtained from the carrier profile.  
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( ) 
4) To conserve the total number of free electron within a region (core or shell), 
volumetrically averaged carrier density was calculated using the following 
expression  where i =1 to 5 
5) Using the value of volumetrically averaged carrier concentration obtained from 4, 
dielectric function of each region was determined using Drude model
 where,  and is the frequency dependent 
scattering function expressed as,  
 
where, 𝛾𝛾𝐿𝐿 is the low frequency damping, 
𝛾𝛾𝐻𝐻 is high frequency damping, 𝛾𝛾𝑋𝑋 is a crossover frequency, and 𝛾𝛾𝑊𝑊 is the 
crossover width. All the parameter other than carrier concentration is uniform 
through out the nanocrystal.  
6) Now starting from the core and first inner shell the discretized nanocrystal has the 
dielectric function and  (Figure D1). Using core-shell Maxwell 
Garnett effective medium theory, effective dielectric function ( ) of the new 
core is calculated. Given that core radius of a= r1 and shell outer radius of b=r2 ,
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7) Above equation was applied again with the new and i.e, next inner 
most shell to the new core (Figure A4.1). This procedure was repeated till we 
obtained a single effective dielectric function for the nanocrystal ( ). 
8) Using the effective dielectric function, absorption of the single nanocrystal was 
calculated via Mie theory. 
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